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Epoxy molding compounds (EMQ@re widely used in encapsulation of semiconductor
packages.Encapsulation protects the package from physical damage or corrosion due to harsh
environments.Molding processes produce residual stresses in encapsulated components. They
are combined with the stresses caused by the coefficient of thermal expansion (CTE) mismatch to
dictate the final warpage at room and reflow temperatures, which must be cdritnolébrication
of redistribution layer (RDL) as well as yield during assembly.

During molding processEMC is continuously curing and the mechanical properties
continue to evolve; more specifically, the equilibrium modulus and the relaxation modulus. The
former defines behavior after complete relaxation while the latter describes the transient behavior.
It is thusnecessaryto measure curdependent viscoelastic properties of EMC to be able to
determine mold induced residual stresses accurately. This is the motivation for this thesis.

In this thesis, a set of novel methodologies are developed and implemented to quantify a

complete set of curdependent viscoelastic properties, including the fully cured properties. Firstly,



an advanced numerical scheme has been developed to quantify cure kinetics of thermosets with
both single and duakaction systems. Secondly, a unigue methodology is proposed to measure
the viscoelastic bulk modulu® 'Y of EMC using hydrostatic testing. The methodology is
implemented with a unique test setup based on inert gas. The results of viscoelastic testing along
with theshear modulus@Q and bulk modulus) master curves and temperataiependent shift
factors(c ) of fully-cured EMC are presented.

Thirdly, a novel test methodology utilizing monotonic testing has been developed to
measure two sets of equilibrium modu® 1 andb 1 of EMC as a function of cure extent

n . The main challenge for the measurements is that the equilibrium moduli could only be

measured accurately only when the EMC has fully relaxed. The temperatures for complete
relaxation typically occur above the glass transition temperatting,, where the curing rate is
also high. A special measurement procedure is developed, through which the EMC moduli above
“Y can be determined quickly at a near isocure state. Viscoelastic testing of pantiatizMC
is followed to determine the cutependent shift factors of EMC. The test durations have to be
very long (several hours) and it is conducted below, of the EMC where the reaction is slow
(under diffusiorcontrol)

Finally, a numerical scheme that can utilize the measureddeprendent viscoelastic
properties is developed. It is implemented to predict the residual stress evolution efl mold

packages during and after molding processes.
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Chapter 1 Introduction

1.1.Motivation

Molding processes produce residual stress in encapsulated components. They are
combined with the stresses caused by the coefficient of thermal expansion (CTE) mismatch to
dictate the final warpage at room and reflow temperatures, which must be cordroiddxutication
of RDL as well as yield during assembly.

With advanced computational mechanics techniques and computing hardware, one can
model any kind of semiconductor package for complex loading and boundary conditions.
However, it is still difficult to make quantitative prediction of residual stresses/agyesrpfter
molding process.

The reason for this is that some critical properties are missing during the prediction. To
compensate for the missing properties, commercially available warpage measurement tools such
as shadow moiré, projection moiré, digital image correlation (DIC), lketwe been employed,
through which the simplified material properties are adjusted until numerical predictions have
reasonably good agreement with displacement measurements.

Unfortunately, the calibrated models often do not produce accurate warpage predictions
for different package architectures using the same epoxy molding compounds (EMCSs)
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material properties are employed, however, the prediction accuracy should remain the same
regardless of the package architectuiégsa ut hent-basedt modal i ngo.

During molding process, EMC is continuously curing and the mechanical properties
continue to evolve; more specifically, the equilibrium modulus and the relaxation moduias
former defines behavior after complete relaxation while the latter describes the transient behavior.
It is thus necessarya measure curdependent viscoelastic properties of EMC to be able to

determine mold induced residual stresses accurately. This is the motivation for this thesis

1.2.Objectives

The objective of this thesis is to develop techniques and methodologies to be able to
characterize curextent dependent viscoelastic behavior of epoxy molding compound (EMC).
The goal of this characterization is to be able to predict residual stredsfanthations induced
in EMC by molding processes. Achieving the objective entails:

a) Characterizing the cuilenetics of EMC in both diffusion and chemical controlled
regions considering that it is essential to know the eextent of EMC to be able to
understand how mechanical properties of EMC evolve during the curing process.

b) Develop methodologies to determine the comprehensive viscoelastic behavior by
measuring two timéemperature viscoelasticconstanfs o ungodés r el axati or
(O &Y andbulk relaxation modulus0 &Y of fully-cured EMC. These properties
are required for developing master curves for partalised EMC as well as stress
prediction after curing has completed.

c) Development of methodologies to characterize -extent dependent viscoelastic

behavior of EMC byi (1) measurement of equilibrium modulO 1 and0 1,



and (2) validation of the assumption of thogre superposition (TCSand
determination of curdependent shiftactors { | d¢ 1) ) for various cure extents) .

d) Implementation of curextent dependent viscoelastic behavior into a commercial FEM
module to be able to predict evolution of stresses and deformations of electronics

packagesluring and after molding processes.

1.3.Organization of Dissertation

The dissertation consists of 8 chapters. Chapter 1 presentation the motivations of the work
and the lists the main objectives.

Chapter 2 introduces the background of the dissertalibis chapter reviesthe effect of
critical EMC properties on warpage behavior. Based on the data and the analyses reported in the
literature, thechapteraddressethe causes that make the prediction of warpages still difficult. A
literature review on current understanding of edependent viscoelastic behavior is discussed
and gap in the literature is identifiedhis chapter has been published in the special edition of
Microelectronics Reliabilityournal in 2022.

Chapter 3 presents a deterministic approach to quantify cure kinetics of polymers using a
KamalSourour(KS) autocatalytic model. An analytical solution based on the reaction equations
has been developed. Minimum number of tests required for accurate quantification have been
identified and a simple set of equations which can be solved using a standard setesandshare
have been derivedThis chapter has been published in BBEE Transactions on Components,
Packaging and Manufacturing Technology (CPNburnal in 2024.

Chapter 4 presents a novel method to determine autocatalytic cure kinetics constants of

advanced thermosets with duahction peaks. Commercial polymer formulations are often



tailored to match the industry requirements and advanced thermosets are being developed with
multi-reaction systems to achieve this. This chapters utilizedimesr regression tools and
provides a procedure for initial guess values for the optimizatiogram to be able to determine

the cure kinetics of such duadaction systems accuratelyf.his chapter has been submitted to
Journal of Materials Science and Engineering&l is currently under a review process.

Chapter 5 presents a né@st setup and a novel procedure to determine viscoelastic bulk
behavior of EMC using hydrostatic testinfhe methodology combines the advantage of direct
strain measurement along with constitutive equatiotis@ér viscoelasticityl(VE) to determine
master curves (Prony series) of bulk modulus directly from thedependent pressure and strain
data.

Chapter 6 discusses the equations and numerical methods for interconversion of
viscoelastic properties using the measufétl{( to obtain "QD) required for FEM modeling
based on the constitutive equations.

Chapter Ppresents methodologies for complete characterization ofectdest dependent
viscoelastic behavior of EMC. Using the measured properties, theexien dependent
viscoelastic behavior has been implemented into a commercial FEM software (ANSX¢&jict
residual stresses/ warpages of electronics packages during and after molding process

Chapter 8 contains a summary of contribusiorade by this study and a discussion for the

future studies that can be extended from the present study.



Chapter 2 Effect of Critical Properties of Epoxy Molding
Compound on Warpage Prediction: A Critical Review

2.1.Introduction

Residual stresses exist inherently in components encapsulated by molding prodesges
are combined with the stresses caused by the coefficient of thermal expansion (CTE) mismatch,
and eventually dictate the final warpage of components at room and reflow temperatures.

The warpage Istory of a package during manufacturing is illustrated schematigally
Figure 1, where transfer molding isonsidered. The packagdend upward ¢) after molding
(Figure 1 (a)), at the mold temperature, because the epoxy molding compound (EMC) shrinks
during molding. When the package is heated to the reflow temperatitee molding the CTE
mismatch causes the packagéend downward4), because the CTE of EMC at the peak reflow
temperature is typically higher than those of adjacent matéRegare 1 (b)). Obviously, both
guantitieqcure shrinkage and CTE induced thermal straarg)requiredo accurately predi¢he

warpage at the peak reflow temperature.
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Figurel Schematic illustration of a package warpage history: warpage caused by (a) transfer
molding; and (b) heating the package from mold temperature to reflow temperature.
The original problem definition of warpage involved controlling the warpage of a single

component at the solder reflow temperaturethose applicationshe printed circuit board (PCB)
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was relatively thick, and it was reasonable to assume that the PCB was flat at the reflow
temperature considering the symmetric design of signal planes with respect to the powatr plane
the center. Thus, the component warpagaply had to becontrolled not to exceed certain
specifications (relative to solder ball sizagg thus to avoid solder bridging or opening during the

assembly processs illustrated irFigure?2.

(@) (b)

Figure2 lllustrationof (a) solder bridgng and(b) solder opeimg duringboard levelbssembly

The warpage issue became more challenging, when the portable electronics industry,
adopted the package-package (PoP) technology. In typical mobile phone applications, a top
package (typically low I/O memory module) is stacked on a bottom packagealiypigh 1/0
logic module) using solder balls. Naturally, the packaging requirements of the two packages are
different (e.g., wirebond vs. flipchip), and so are their thermomechanical behaviors, i.e., warpage.
In order to accommodate this inherent paage behavior differencthe warpage of both packages
have to be controlled simultaneously to offer a desired stacking yiélel desired and undesired

warpage combinations atistrated inFigure3 (a) and(b), respectively.
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Figure3 lllustration of(a) desiredand (b)undesiredwarpage combinatioria PoP stacking.

More recently, the warpage issue became even more challenging simply because EMCs
became a part of some interconnect systamsarious heterogeneous integration solutions,
including fanout wafer level packaging (F@/LP) and embedded technologies, where vias and
signal redistribution layers are fabricated in or on EMft@r molding is completefll-6]. The
wafer level warpage of FQ/LP at room temperature is illustrated Figure 4, which can be
excessive due to a large wafer size. This must be controlled for successful process integration

(e.g., fabrication of redistribution layer) after molding is completed.

Figure4 lllustration of the warpage of F@/LP wafer at room temperature

For the past couple of decadesstensiveefforts have been maddo enhance the
predictability of warpage. On the modeling front, commercial software packages are equipped
with advanced but usdriendly analysis modules As a result,even nonexperts can
model/simulate almost any kind of electronic packaging products. On the experimental front,
thermemechanical properties required for numerical predictions, including CTE, the glass
transition temperaturel§), and the temperatudependent viscoelastroperties, are routinely
measured by commercial tools such as themmechanical analyzer (TMARnd dynamic
mechanical analyzer (DMA). In addition, temperatdependent warpage can be measured
readily using commerciahadow Miré and digitl image correlation (DIC) tools, and the results

areused for model validation.



It is worth mentioning that an4plane displacement measurement technique, called Moiré
interferometry, was first used to verify the validity of complex numerical m¢deh. It is very
effective in validating the constitutive relationships of various materials used in the package
guantitatively. However, it has not been the most preferred choice for the verification of warpage
prediction. Besides the complex experimental procedure, including sample preparation, the
method produceselative deformations with respect to a reference (or assumed-fsaess
temperature This is ideal for a stresmalysis, but not most desired for a warpage analysis that
requires an absolute stress state inside a package

Due to its simplicity, shadow Moiré has been used most extensively to verify the validity
of warpage prediction model§Some studies in the literature show excellent agreements between
measurements and predictiofs 10]. Yet even tis verified modeloften does not predict
accurately the warpage of different packages molded by the same EMC. In fact, good agreements
between warpage predictions and measurements are possible even when the properties of EMC
are not correct and/or some critical properties of EME missing.lt is attributed partly to the
fact that thewarpage i.e., the oubf-plane displacements of a tractiree top and/or bottom
package surfaces should have a continuous and smooth field regardless of the complexity of
underlying geometries and materials.

An attempt to investigatthe reasons for the aboparadoxi.e., why accurate warpage
prediction is still difficulteven with (1) temperature and tirdependent EMC properties and (2)
numerical models verified by the experimentally measured warpage of actual packages, is the
motivation of this review article.

Based orthe data and the analyses reported in the literature, the paper addresses three

potential causeselated the physical properties of EMC, whintake the predictiorstill a



challenging task. The causes are discussed in detail consitieoinmgost widely usednolding
processesq,e., transfer méding and compression molding. The issue associated with EMC cure
shrinkage will be discussed in Section 2.2. The improper assumptions used in the current practice
of viscoelastic analysis will be discussed in Section 2.3. Section 2.4 will be devaieidjue
challenges associated with cieetent dependent viscoelastic properties. Some recommendations

and future studies will be discussed in Section 5.

2.2.Effective Cure Shrinkage (ECS)

Numerical stress analyses are typically performed to determine relative changes of stresses
with respect to a reference condition, where stresses are assumed to be zero. Warpage prediction,
however, requires det er mi rsidetapackagepnhichtmostinciudeb s o
residual stresses caused by molding processes, more specifically, cure shridkagé stresses.

CTE mismatckhinduced stresses are generally much larger than cure shrimkaged
stresses, and thus the latter is not so critical if warpage at room temperature is concerned, e.g.,
warpage of FONLP at room temperature directlgffects the fabrication process of
redistribution layer (RDL). Warpage caused by the latter is still very important for thin packages,
especially, those used in portable devices, for which warpage at reflow temperature affects
assembly yield significantly. This section discudsas to measure the cure shrinkage to be used

for procesgnduced residual stresses.

2.2.1.Cure kinetics
EMC is based on thermosetting polymers. They are solidified through a chemical reaction

that causes polymer chains to crisk. The general form of a curing rate can be expressed as:
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wherep is the cureextent (or degree of curel: is a temperature and cure dependent rate
coefficient; andéor) is the cure kinetic function thatin take any mathematical formmf

The rate coefficient can take several functional forms. In thekmelivnn™ order model,
the rate coefficient is only temperature dependent, and the curing rate is g[\udit by
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where'Q is the rate constant, is the activation energy is the universal gas constant anis
the reaction order. In an autocatalytic reaction, the rate coefficient is dependent on both

temperature and curand the curing rate is given by/1]:
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where’Q "Y and"Q "Y are rate constanighich are temperatu@ependentandd g are reaction
orders. More details about cure kinetics and rate functions can be found [ih1Ref.
The modified autocatalytic model or Kavalu r or 6 s mo d e | has been

well the curing behavior of several EM{02-14]. The model is given as:

Qn .
_ 0 1\ A 4
a6 Q2 p 1 (4)

where'Q is the rate constant agd® are reaction orders.

2.2.2.Measurement of ECS
During solidification, each crodsking causes incremental volumetric shrinkage, known

as cure shrinkage. Numerous testing methods have been developed over the span of many decades,
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and some of them are practiced routinely to measure the intrinsic (or total) cure shrlBk2%e

The cure shrinkageg, is proportional to the extent of cure as:

where-

- N - %N

©)

is the total cure shrinkage that is accumulated during the entire curing process.

The behavior of a typical polymer system is illustrateBigure5, where thex-axisshows

time axis t (with arbitrary unit), and they-axis representsvo polymerpropertiesassociated with

curing ureshrinkage &(t), andsheamodulus G(t) ), normalized by thie equilibrium values,

e, andG,, obtainedafter curing is completed
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< e e ot iy
[R] £ (=) (o] (=]
! ! ! | |

e
o

________ ? B
Effective cure!
shrinkage, £, |
|
i

Cure time for
effective cure
shrinkage

[
(=)

T T T rrrr T T I T
100 1000 10000

[ (au)

TTTTTT T
100000

Figure5 Evolution of cure shrinkage and modulus during curing
As mentioned earliegure shrinkage does occur before the gel pédenoted ag ).
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Unlike classical methods to measure the total shrinkage where only a volume change after
curing has to be documented, a technique to measure the effective cure shrinkage should satisfy
two critical requirements since the gmint must be identified accurately: (&)stressinduced
strain can be measured directly while curing ocd@)sa strain sensoemployed in the technique
should be so robust not to be degraded by polymers and vadetivesl as harsh curing conditions
(temperature, pressure, etc.).

A fiber Bragg gratindFBG) is an optical strain sensor that offers very high sensitivity (

p' ). Itis extremely robust, as it is fabricated on a glass filére ECScan bemeasured by
embedding an FBG sensor inside EMThe FBGbasedtechniquewas developed to estimate
residual stressg®6-28] in composite structures, andhas beerimplemented successfully
measure th&CS values of various polymdia3-25].

A unique challenge is encountered during the ECS measurement of EMC. Large friction
between EMC and mold inner surfaces occurs inevitably during mold pressure application, which
hinders EMC from contracting freely during curinRecently anovel idea involving twestage
curing has been conceived to cope with the proljgh A setup used to measure ECS is shown
in Figure6 [29]. In the first stage, an FBG sensor is embedded in EMC by a molding process
(Figure6 (a)). The FBG-EMC assembly is separated from the mahdithe molded specimen is
heated to a cure temperature rapidly in the second @tagee6 (b)). This procedure ensures
constraintfree curing, and thysaccurate measurement of EC$he Bragg wavelengthBW)

changds measured continuously until no noticeable change is observed.

12
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Figure6 Schematic illustration of a setup used to measure the effective cure shrinkage of EMC:
(a) application of the mold pressure to collapse an EMC pellet; acdrihy the FBG
embeddedEMC specimen insida constraintfree fixture.

The results are shown Figure7, where the EMC strain is plotted as a function of time,

normalized by the total curing time. It is important to note that the strain was zero for a short

initial period, as shown in the inset. This is a clear indication that the FBG responded only after

the gel point. The ECS value was 0.077%.
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Figure7 Effective cure shrinkage of EMC as a functiomofmalizediime where the
inset shows the BW signal of initial 40 min.
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2.2.3.Transfer molding and compression molding

Two most widely used molding technologies are transfer molding and compression
molding. Transfer molding was implemented first for various wire bond packages. More recently,
compression molding was adopted for more advanced packages such as highekdgegand
fan-out wafer (or panel) level packages.

Transfer molding is different from compression molding in that it forces EMC into an
enclosed mold containing numerous cavities. Transfer molding typically uses a higher mold
pressure to ensure uniform fill of mold cavities through narrow channels.hisaeason, EMC
inside mold cavities is under a completely different state of deformation after the molding process,
compared to compression molding. These different deformation states of EMC should be
simulated properly for accurate prediction of thedweal stress caused by each molding process.

The transfer molding process is illustrated schematicallignre8. An EMC pellet is
charged, and the mold is heated to a mold temperature. Then, a molding pressure is applied to
transfer the charge from a transfer pot to cavities containing electronic packages, as shown in (a).
The molding compound is driven throughar r ow channel s call ed Arunrt
transfer pot to the gates of cavities. During its transfer, the molding compound remains as a
viscous liquid, and thus the molding pressure is transferred to all cavities, as illustrated in (b).

At the mold temperature, the molding compound cures rapidly, and quickly passes its gel
point, at which the molding compound becomes a deformable solid. As a result, the pressure to
fill the cavities is no longer transferred to the molding compound ioahges after the gel point,
as illustrated in (c), although the pressure is maintained until the mold is opened for removal of

the encapsulated components. Therefore, the warpage of the components after the transfer

14



molding is caused solely by the cure shrinkage of the molding compound accumulated after the

gel point, i.e., the effective cure shrinkage.

Transfer I:‘ EIPIunger
pot

Top mold Runner  Cavity
| — | ——
S
Bottom mold Package
(@)

Hydrostatic Ram force Hydrostatic
pressure pressure

Top mold

Bottom mold

(b)

Ram force  Mechanical
compression

Top mold

Bottom mold tttt

(€)

Figure8 Schematic illustration of transfer molding process: (a) EMC is charged, and the mold is
heated to the mold temperature; (b) EMC remains as a viscous liquid during EMC
transfer (before EMC passes its gel point); and (c) EMC becomes a deformable solid as
soon as EMC passes its gel point.

It is important to recall that during molding; the modulus evolves nonlineidyie5).

A different set of curextent dependent material functions are required to predictirmdueed

warpage after molding. It is inevitable that the ECS values and theexiam®t dependent
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viscoelastic properties must be used be accurately predict warpage after transfer molding. Yet,
these properties have not been characterized properly, and thus not readily available.

A typical compression molding process is illustrated schematicafigure9. The mold
containing various forms of EMC (powder, granular, liquid, pellet, etc.) is heated first to the mold
temperature (a); EMC remains as a viscous liquid during initial compression (b); and EMC
becomes a deformable solid as soon as EMC passes [isiigie(c).

Unlike transfer molding, the mold pressure is continuously applied to EMC until the mold
is opened during compression molding. As soon as it becomes compressible, i.e., from liquid (b)
to deformable solid (c), EMC deforms continuously due to the moldymegnearly hydrostatic
compression). Again, it seems impractical to predict warpage after compression molding without
the ECS values and the cteetent dependent viscoelastic properties. The-exrent dependent

properties will be discussed in detailSection 4.
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Figure9 Schematic illustration of compression molding process: (a) EMC is charged, and the mold
is heated to the mold temperature; (b) EMC remains as a viscous liquid during EMC
transfer (before EMC passes its gel point); (c) EMC becomes a deformable solid as soon

as EMC passes its gel point, and the pressure continuously deforms EMC until the mold
is opened

2.2.4.Discussion: Moldshrinkage

The mold shrinkage is defined to be the difference between the dimensions of the mold and
the molded part at room temperat{86]. It is intended to provide a dimensional change at room
temperature caused by the mold process. Typically, the mold shrinkage is measured using a

standard cavity. As illustrated Figurel0, the mold shrinkagé&) is defined a$31]:
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whered "YP is mold shrinkage in %Qis the diameter of the mold at room temperatiis;
the diameter of a cured EMC specimen at room temperature; is the total volumetric
shrinkage of EMQ, and are the CTE values of EMC below and abdYirespectivelyt

is the CTE value of the mold; an?f and”Y are cure temperature and room temperature,

respectively.

FigurelO lllustration of the dimensions ¢&) cavity at room temperaturand(b) molded EMC
at room temperature

In transfer molding, the difference between the dimensions of the mold and of the molded
article producedherein from a given material vary according to the design and operation of the
mold. It is affected by the size and temperature of the pot or cylinder and the pressure on it, as

well as on mold temperature and molding cy8& 32].

Therefore, the mold shrinkagdould not be used to predict the residual stresses at the
mold temperature simply because it contains the effect of the coefficient of thermal expansion
(CTE) of the mold as well as the cured thermoset polyniére.ECS value obtained froRigure

7 is approximatelhonly 43%o0f the mold shrinkage provided llye EMC manufacturer
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2.3.Time and Temperature DependentBehavior of Polymers

There is an abundance of literature that concerns numerical prediction of warpage. They
can be categorized into temperature dependent linear elastic anfdgs@§ and linear
viscoelastic analysg9, 10, 37-40]. It is to be noted that only few representative papers are cited
in this paper due to space limitation. Thermal excursions used in the analyses usually exceed the

glass transition temperaturg j of EMC, and thus it is inevitable to use the temperadiegendent

properties. In most cases, however, some critical properties have been assumed to be temperature
independent or were just missing; more specificllp, i s s o 179 & lineaa dlastioc analyses,

and the bulk modulusK) in viscoelastic analyses. Considering the current trend, this section
discusses only the improper assumption used in the current practice of viscoelastic analyses, yet

the same argument can be made for linear elastic analyses without losing generality.

2.3.1.Linear viscoelasticity

The constitutive law of linear viscoelasticity is written4%:

Q f
i ¢ 0o TTTT'QT
(7)
C T- 1,
, o uvo t TTQT

wherei andQ are the deviatoric stress and strain tensors, respecti@fy.and0 o are the
time-dependent shear modulus and bulk modulus, respectively,, anénd - are the
dilatational (or volumetric) stress and strain tensors, respectively.

In the linear viscoelastic regime, two constai@ J have the following relationship with

the other two constant¥3{) ) in the Laplace domain §42]:
19
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whereOi hé AOi anWdi are Youngds modul us, Poi ssonbs r
modul us in the Laplace domai n, respectivel y.
constants must be measured experimentally.

Conversion from the timdomain to the Laplace domain is usually simple. However,
converting back from the Laplace domain to the time domain requires complex integral functions,
and involves computationally heavy numerical solutions. Several approxsoktions for
interconversion are available in the literature, and they are summarized jAZ&4].

For thermorheologically simple (TRS) polymers, the viscoelastic behavior at one
temperature can be related to that at another temperature only by a change in the log time scale
[45]. This has been illustrated Figure 11, where the relaxation modulus (or master curve) at
various temperatures can be obtained only by shifting the master curve obtained at a reference
temperature on a log time scale. Glassy modu@$ i€ defined as the point on the relaxation
curve whereghe molecular chains are frozen, and no relaxation can occur. This is also referred to
asOor relaxation modulus at the fictive time A0

shape of the master curve at any temperature remains the same and can be shifted to a reference

temperature”l ) using temperature dependent shift factgr, At temperaturel, greater than

“Y , the relaxation rate is faster and at temperatyidess thanT , the relaxation rate is slower

ref

as evident fronfrigurel1l.
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log(r)

Figurell lllustration of the material behavior of TRS polymers

This is known widely as timeemperature superposition (TTSyhe master curve at the

reference temperature showrHigurell can be expressed usitige Prony series

06 O "OA @D TE 9)

The master curves at arbitrary temperature can be expressethesiaguced time as:

"or "0 "OA @b % (10

where O are Prony shear constantsare relaxation time constanend 0 is thereduced time

The reduced times definedas:
o) -G (11)

where® Y is the temperaturdependent shiftactor.

It is impractical to measure the entire master curve in a single experiment due to the large

time range involved in the master curve. Instead, the relaxation tests are conducted at various

temperaturesor short periods of time. The data are then shifted to a reference temperature to
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create a single master curve and obtain shift fact@r$. ( This routine practice is illustrated in

Figurel2

G(7)

log(r)

Figurel2 Procedure to create a master curve and to obtainfattifrs using the TTS principle

Dynamic mechanical analysis has also been used extensively to measure the relaxation
behavior of polymers. Dynamic mechanical analysis essentially involves measuring the
stress/strain relationship while applyingcyclic strain { 0 ) at a known frequency (). For
viscoelastic materials, a phase lag éxists between the applied cyclic strain and the cyclic stress
responsei( 0 ) due to dissipation of the elastic energy through chain relaxation. The ratio of the
cyclic stress to strain is called complex modul@s ( ). The relationships are known [@]:

ro 1 AT1G6 1 YR

i 0o 1 AIl700 ] i YOQ (12)
i o R
Y e i T YATNO OEI

Additionally, complex modulus is expressed as a (ps¢@weator sum of two components,
storage modulus@real) and loss modulu&®! imaginary). Mathematically,
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where"Ofepresents the storage modulus (or stored energyl#afresents the loss modulus (or
dissipated energy) in a cycle.

Commercially available machines based on the analysis (dynamic mechanical analyzer:
DMA) are routinely used to measure the relaxation modulus of polymers. A polymer is tested by
applying a cyclic strain over a range of frequencies typically between ID0 Hz at several
temperature intervalsrulti-frequency and temperature swedd§&T). The complex modulus is
obtained by measuring the stress response for an applied sinusoidal strain at a given frequency

(w). The relationship between complex modulus and relaxation modulus is giief: as

O Q O0iQ Qi Q. 0o (14

where"Q] is the complex modulu§Qo is the relaxation modulus, and  is the Fourier

transform.

The same TTS principle is exercised to obtain the shift facersgnd the master curve

in the frequency domain. The frequency domain Prony serigSifar) can be expressed using

therelaxation time constants[48]:

1 1
- - - 1
T o1 T (19

where "OMNt areProny elasticconstants and relaxation time constants, respectareiyO is
the equilibrium modulus.

An example of obtaining the relaxation modulus is showrFigure 13. A DMA
Multifrequencytemperature (MFT3weep was conducted using a thpeint bending sample to

obtain the storage moduli.
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Figure13 Representative DMA results: (a) Storage modulus obtained from the MFT sweep; (b)
shift factors @; ); (c) storage modulus master curve in the frequency domain; and (d)

relaxation modulus master curve in the time domain

The storage moduli obtained from the M&Weep are showin (a). The shift factorsd; )

and the storage modulus master cur@( ) are shown in (b) and (c), respectively. The

relaxation modulus master curve in the tidmmain can be determined using E{€)) and(11)
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from the Prony series constants obtained by fitting (E§) to the data in (c). The results are

shown in (d).

2.3.2.Critical assumptionsused in thecurrent practice

As mentioned earlier, two master curve€X(t) andK ¢ ), of EMC are required for a
numerical viscoelastic analysis. Direct measurementG@f) andK ¢) is usually more

challenging. Only limitegdheamoduli setups can be found in the literatiiré 49|, but only the
data obtained for soft polymeseem reliable because it is difficult to obtain the pure shear
condition for rigid polymer$50, 51].

Ti me and temperatur e d eclatalydkcasyto medsune nsm@dtse mo d L
standard testing apparatuses such as DMAlanersal testing machine$wo assumptions have
been widely adopted to utilize the master cur
albeit without experimental validation. The first assumption is a constant, i.e., time and
temperature fi nde pEn tVehrthiscassiimptiors, the invérse transfdrm af

the first relationship in Eq8) becomes:

i o 00
06 —— (16)

¢ p 8- ¢p

fl. - "Oi

wheree i s the constant Poi ssonds ratio.
This simple relationship allows to convertth@ ungés modul us master curyv

testing(Figurel13(d)) into the shear modulus master curve as:

"00 0o P 0 OA@Db (17
¢p ¢p T
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where O is the equilibrium modulus® Nt are Prony elastic constants and relaxation time
constants respectively;af@d O jg¢p ' andO 0Ojgp

The second assumption st i-inmed e p e buldk enadulds[37, 53, 54]. With this
assumptionthe bulk moduluss approximated as:

0 OX 0 L,At‘y Y (18)
Y

't i s worth mentioningndeptendeat asduimpt mon
t hat the bul k moduliunsd elpeecnadneenst ofi tief mpEeM G t ueg lrea v i
assumption. These implications are illustrateBigure14.

T(°C)
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t
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Figurel4 Implication of theassumption of bulk modulus behavior: (a) ttmdependent; and (b)

temperaturéendependent behavior

When the above two approximations are implementedpnéz,shear relaxation defined

and Bulk modulusK,) as constant, theesultanP o i ssonds

r a tto tle theooetichld | n c |

limit, i.e., n° 0.5 and thus incompressiblerhich could produce unreasonable res|8§. To

circumvent t hi

s unreal/i

sti c mec h-daloweama bbodee h a v i
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T, - can be considered, which produce two bulk mof8|. However, this approach deviates

from the first assumpt i on utibntshoald be exersisecawhéenthBoi s s

approximated viscoelastic solutions are sought, based on the above assumptions.

2.3.3.Measurement ofbulk modulus
There were several attempts to meashieebulk modulus of polymdb6] and EMC[57]
by ahigh-pressuralilatometer{56, 57]. The systenis illustratedschematicallyn Figure15. In
this method, the volume change was monitored as a function of time after the pressure was applied
using a measurement piston, and the bulk compliance was determined from the volumelthange.
is important to note, however, that the dilatometer cannot apply true hydrostatic pressure as soon
as the polymer passes its gel point, after which the polymer is no longer incompressile, i.e.,
0.5. This inherent limitation makes the bulk modulus measurement difficult, although the volume

change can be measured accurately.
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Figurel5 Schematic illustration of highressure dilatometer

Recently, the bulk behavior of EMC was characterized by a novel experimental technique
using an embedded fiber Bragg grating (FBG) sef)69]. The FBG embedded specimen after
specimen preparation and tbetupused for hydrostatic testing are shokigure 16 andFigure
17, respectively The FBG embedded EMC specimarpiaced iside a metathamber, and its
sealed completely. The gas inlet of the chandbeonnected to pressure transducer and the high

pressure cylinder through a pressure regulator.
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Figure1l6 FBG embedded EMC specimen

Figurel7 Schematic illustration of a setup to measure the bulk modulus

The results from the studies clearly showed strong tempe@dépendenf58] aswell as
time-dependent bulk behavior EM[E9]. Representative results from the studies are shown in
Figure 18 (a) (temperature dependence) dfidure 18 (b) (time-dependence).The dependence

becomes very significant near the glass transition temperaiyref(EMC.
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Figure18 Bulk modulus of EMC: (a) 1 second isochronaasues as a function of temperature
and (b)time-dependent valuasbtained at a temperature ndgr

If an absolute stress or warpage is to be predimted atemperature rangeeyondTg of
EMC, it is inevitable to use temperatutependenwiscoelasticbulk modulus since the EMC

materialin packages is subjected to multiaxial constraifiise effect of the assumption on stress
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analyses was discussed in Héf)], wherethe effect ofthe time-dependent bulk modulus on the

internal stresses @ecawattpackaggDPAK) in automotive ECU unitavas investigated using a

linear viscoelastic analysisThe results showed that tbenstant bulk modulus overestimated the

wire-lift force significantly due tcextra constraints. A similar analysis was conducted to
investigate the effect of the constant Poi ssc
package warpadé1l]. The results showed t hatheprddietedconst a

warpage of packagecontainingtwo stacked dieby approximately 24%

2.4.Cure-extent dependentViscoelasticBehavior

It is important torecallthat the modulus evolves ndinearly during molding(Figure5).
As mentioned earlier, different set of cur@xtent dependent material functions are required to

predict cureinduced warpage after molding

2.4.1.Cure-extent dependent shear viscoelasticity
In the classical viscoelasticity theory, the edependent sheaglaxationmodulus can be
expressed d62]:

oo 'O O o (19
where’O 1} and’O &M are the equilibrium modulysteadystate)and thetransient part of the
modulus respectively, at a cure extent pf The relaxation moduludescribes the transient
behavior, while the equilibrium modulus defines the behavior after complete relaxation. Both
properties are requireatcuratelyto predict a stress state at each instance during curing.

It was observed that the shear relaxation mechanisheohorheologically simple (TRS)

polymers remains the same during the curing proddesever, increase in length of the polymer
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chains during curing reduces the degree of freedom of the chains ceucseage othe elastic
stiffness (or equilibrium moduluss, ) [63]. For the same reason, relaxation tiaso increases
ascuringprogresses.

Attempts to explain the gel formation and evolution of equilibrium modulus have been
made using the Mean Field Thed64] and the percolation theofg5]. It was also observed that
a large set of thermosetting polymers, specifically epoxy resins, followed the percolation theory
[16, 66-69]. The equilibrium modulus evolution of a tvommponent epoxy in the percolation

theory was expressed [@)):

on 0 —— (20
p N

where"@ 1) is the equilibrium modulus at a given degree of ci®eijs the equilibrium modulus

of fully cured polymer;p,,, is a degree of cure at the gel point; ahds the evolution exponent

determined experimental[y(].

Therelaxation behavioat a given degree of cucan be represented by Prony series as

0

"0 o 0n AgD

(21)

where"O n is the Prony shear constarssa given degree of cure andare relaxation time

constants.This is illustrated irFigure19 (b), where increase ielaxation timeat a higher degree

of cure is evident. The complete cutependent shear moduluS(t, p), is illustratedin Figure

19(c), whereG; is the glassy modulus.
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Figurel9 Schematic illustration of cure extent dependent EMC behavior: (a) equilibrium modulus
evolution; (b) relaxation modulus as a function of time; and (c) complete time dependent
behavior

2.4.2. Time-cure superposition (TCS)

The concept ofitne-cure superposition (TC®)as first proposed by Adolf arMartin [70,
71] afterobsening that the relaxatiobehaviorof TRS polymers rema@dthe same during curing.
The TCS concepis similar to the wellknown TTS concept described in Secti®n Since its
introduction, numerous researchers have shown that the viscoelastic behavior at different extents
of cure can be superposed using appropriate horizontal shifts.

The initial implementations of the TCS concept were carried out for unfileginosets
[72, 73], where the cure extedependent equilibrium modulus was ignored or handled improperly.
Later, the concept was extended to filled thermosets including EMC, which clearly showed the
effect of cure extenton theequilibrium modulus To incorporate the concept for numerical
implementation, Yang et.§f4] proposed a procedure to normalize the relaxation behavior by the
difference between the glassy modulus and the cure edtgendent equilibrium modulus, and it

was implemented later by several otHd# 69, 75, 76]. Thenormalization can be expressed as:
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where"Q are the normalized Prony shear constant, which is independent of cure extent. The
normalized relaxation modulus at various degrees of cure is illustraftaglire 20.
A curedependent shift functiomy 1) , was employed to handle the increase in relaxation

times during curing69, 77]. The shift factors are also illustratedrigure20. The reducedime,

%o , is defined a§73):
[ O - (23)

The complete relaxation behavior as a function of cure extent can be exprgs&gd as

oM O/ O Of  QA@D % (24)

More details about the above equation can be foureir{74, 78].

log(f)

Figure20 lllustration of the TCS concept, where the relaxation modulus obtained at various cure
extents are normalized by the difference between the glassy modulus and the
equilibrium modulus
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2.4.3.Measurement of cureextent dependent viscoelastic properties

Determination of cur@extent dependent viscoelastic properties require experimental
techniques to measure the properties for various cure extefte multifrequency and
temperature sweeps (MF®f DMA was the preferred choid&9, 79, 80] for measuring cure
dependent viscoel Bstic Youngds modul us (

For measurement of cutkependent moduli, a partially cured specinaéa known cure
extentis subjected to MFT sweeps to obtain the frequency dependent behavior. These MFT
sweepshaveto be conducted at temperatures significamdywer thancure temperature(or

sometimesT, of the partially curegrolymei) to ensure slow reaction rat@uringMFT sweeps
Lin et.al.[13] proposed a combined dual shift methodologyo account for mechanical
testing temperaturel] and degree of curg). In the implementationthe frequencydependent

isocure data at various testing temperatsemificantly belowT_,.) is shifted to the reference
temperature T, ) to createhe mastercurveof apartially- curedspecimen @,). This procedure

is repeated to produtbe mastecurves at various cure extents. The master curves obtained at
three cure extents are illustrated Figure 19 (c). These master curves amermalizedby

equilibrium modul, asdescribed byeq. (22). Finally, thenormalized master curves ashifted
horizontallyto obtainthe curedependent shift factora(,). The combinedshift factor @, inec)
consiss of the two componentistemperature dependency and cure dependas{d3]:
11d i 1T1& (25
The current practice of measuring the eex¢éent dependent properties is based on-well

known theories but also omnconfirmed assumptions. These issues shbaldddressetb

enhance warpage productivity in the future.
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In the current practice of creating a master curve of partially cured polyraengchanical
testingis conductedat temperatuemuch lower than the curing temperattwesnsureghat extra
curing during testing can be negligible, i.e., to maintain the constanextest state Thiswould
result inmuch less viscoelastic behavioand would require a proportionaljarge range of
frequencies to obtaimcomplete master curvéVith thecommerciaDMA machines, it would be
rather difficult, albeit notmpossibleto obtain the equilibrium modulus accurately

It was observed for some thermosets that the temperature shift factor is independent of the
degree of cure and can be used direttlghift the master curves ghrtially curedspecimengo
the reference temperatuf69, 80]. The viscoelastic behavior of partially cured polymers is
affected significantly by the degree of cure. This observation was not supported by any rigorous
theoretical explanations and should be practiced with extreme caution

It is important torecallthatfully cured EMC showstrongtime dependent bulk behavior
[59]. With less crosslinking, partially cured EMC would definitely show even stronger time
dependent bulk behaviott is inevitable that the cure extent dependent viscoelastic bulk modulus
must be measured to predict the warpage after compression molding accurately.

Packages fabricated by moldipgocesses arsubjeced to the post mold curing (PMC)
processwhichproduces additionaffective cure shrinkage inducel@formations as well as CTE
mismatchinduced thermal deformations. It is clear that both -cieqgendent and pestire

viscoelastic properties are required to accurately predict the warpage after compression molding.

2.5. Additional discussion: About compression molding

In the compression molding, mold parameters (temperature, pressure, and time) affect the

warpage behavior. This implies that the warpage behavior can be tailored for a given EMC to a
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certain degree. A test similar to one to measure the effective cure shrinkage (Section 2) was
conducted to illustrate the concept.

In this test, the pressure was maintained until curing was completed to simulate the
compression molding condition. The results are showfigare21. The total EMC strain was
0.214%, which is nearly three times as high as the effective cure shrinkage reported in Section 2
(i.e., the strain without the pressure). It was attributed to the near hydrostatic creep deformation
caused by the pressure aftee gel point. The pressure was removed after curing was completed.
The behavior is shown iRigure21 (b). A sudden increase of the EMC strain is apparent, which
represents the elastic recovery of EMC deformed by the pressure. The EMC creep strain was
recovered continuously as a function of time.

The package warpage after demolding is illustrated schematic&ligure22. The elastic
and creep recovery after compression demolding produces downward befiaigtile mold
temperature Kigure 22(a)). This is opposite to the case of transfer molding, which produces
upward bendingG) at the mold temperatur&igure22 (b)).

As mentioned earlier, there is a gap in literature associated with experimental data and
constitutive models associated with the time and cure dependent behakiorTdfis behavior
must be characterized experimentally to be incorporated into numerical modeling for accurate

warpage prediction after compression molding.
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Figure2l. Strain evolution from a test simulating compression molding, where the prissgure
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Figure22. Schematic illustration of warpage behavior after demolding at the mold temperature:
(a) compression molding and (b) transfer molding

2.6.Concluding Remarks

This review paper discussed three topics related to warpage prediction uncertainties.

(1) The first topic was related to the cure shrinkage that occurs during moldmegmdduluf
EMCassociated with the cure shrinkage devel o}
it does not contribute toureinduced warpage The cure shrinkage that occurs after the gel
point is calledthe effective cure shrinkage (ECS)The ECS value should be used for
calculation of curenducedwarpage

(2) The second topic was the tvagssumption used, but not yet validated, in the current practice of
l i near Vvi scomnhstadPtoii cs saomadlsy srireependéntanlidk fArma dnel us
Experimental data were presented to show that the assumptions are not valid at high
temperatures, especially around the glass transition temperature. Time and temperature
dependent bulk modulus should be used for a viscoelastic analyssdurate warpage
prediction.

(3) The last topic dealt with the cuextent dependent viscoelastic behavior. Only limited data is
available in theliterature due to the measurement complexity (theoretical as well as
experimental). More measurements of partially cured EMC properties are warranted to
improve warpage predictability.

Utilizing the wuniaxial as well as bul k behe

warpage- i n contrast to the conventi owaldbeeom@r oach
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possible to enable the industry to tailor advanced molding process parameters, including but not

limited to (1) mold temperature, pressure, and time and (2npoist curing temperature and time.
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Chapter 3 Deterministic Approach to Obtain Autocatalytic Cure
Kinetics Model Constants by Normal Equations of LeasSquares
Method

3.1.Introduction

The thermoset cure process is exotheyamd the amount of heat releaseoh bedirectly
measured bydifferential scanning calorimetry (DSCYhe measured quantipyovidesthe degree
of cure which can be used tovestigate cure kinetics.

There are several methodologies and techniques available in the literature to dekermine
cure kineticamodel constantsAfter the pioneering and original work [Borchardt and Daniels
(B/D) [81], the American Society for Testing and MaterigfsSTM) established a standard test
method based oimear regression, through whidhe kinetic parameters of theell-knowne
order modehre determineffom asingle temperature scanning DSC data at a linear heating rate
(also known aslynamicheating scan measurement dg&®]. The method is quick and useful,
and it has been practiced widely

Numerous advanced thermosets, typically highlgd with silicas (50 to 90 wt.%)are
used in the semiconductor packaging industry. Understanding the curing behavior of the filled
thermosets are increasingly important to optimize manufacturing processes, as the packages are
becoming thinner and compl§&3, 84] .

The advanced thermosetypically follow the autocatalyticbehavior, for which the
autocatalytic kinetics model should be used to describe the curing behavior faithfully, especially
at the beginning of cure. S&ral types ohon-linearregression algorithnisave been implemented
to determinghekinetic parameters of the autocatalytiodel[85]. Due to the extreme ndmear

nature of the model, theon-linear regressiomsually requires large quantity oflynamic scan
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data obtained at thre® moreheatingratesto ensure proper convergence during the regression,
unless the initial values of the constants are selected carefully.

This paper proposesnovelmethodto determine the constantstbke autocatalytic model
using DSC data Theproposed methois based oithe normal equationswhich is an analytical
approach ofhe leastsquares methodThe methodequires only two standard DSC dynamic scan
data obtained at the linear heating rateS ahd 10 °C/minbut can obtain the four cure kinetics
parameters of the autocatalytic model, including the activation energy, analytically but accurately
without regression analysesThe method is described in detail after briefly reviewing the
autocatalyticcure kinetics modelThe methodis implemented foa highly-filled epoxy molding
compound (EMQ. The experimental data and the predictions of cure extent are presented, and

therobustness anaccuracy of thenethodarediscussed

3.2.Cure kinetics Model

The general form of reaction kinetics model is express¢tilfs
Qn ...
—. Q¥ oqr 26
o, @Y oo (26)
whereQis the rate constanand’Qr) is the cure kinetisfunction that can take any mathematical
form of p. The rate constartan be a function of both temperatuf¥ and cureextent ). For
most thermosets used in the semiconductor packagihgtry, it has been known thaté rate

constanis independent (or a very weak function)cafeextent[86-88], and it can be expressed

using the Arrhenius equation:as

B 0
— . o )
Q'Y oA@D,Y.,Y (27)
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whereo is the Arrhenius constar® is the activation energyandR is the ideal gs constant
(8.3140 ¢ax ).

Then, the modified autocatalytic model, knowrKasnalSourour (KS) model, takes the
following form [89):

Qn . s (0
= ovYo n Q" — 28
5o QY3 p 0 MY oAQ)E)YY (29

wheren andm are reaction orders associated with the model.

3.3.Proposed Deterministic Approach

The proposed method is based on the normal equation, wlaahaisalytical approaabf
the keastsquares method[90]. The normal equatiotbasedleastsquares method was utilized
successfully to determine the elastic constants using the experimenrti@ldutlisplacement field
[91]. A similar approach is adoptéal determinghe KS model constants.

The KS model can be expressedha following formby takingnaturallogarithm of Eq.
(29) as:

. .Qn . N N O
A1 . . . O 29
IIQO I1d ¢l lp n ai iy Ny (29
The objective function™ defined by sum of square error (SSE) betweenntioglel

prediction and the DS@ata can be expressed as:

. Qn . .Qn
Y [ [
Qo Q0
(30
N [ T 0
) 7,,Yellp n al 1n ||60ﬁ
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The leastsquares criterion for the four independent variaflesthe firstorder condition
of theleastsquares minimizatioprequires:

Y TY T YT Y
TB® fo T& 1& " (D)

The above criterion produces a system of equations, known aerthalequations The

results can be expressed in a matrix form as:

@ O 0o (32
1 b
where ® O
4
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The values of2 §)'Q @ndp are directly obtained from DStésts. In the above equations,
iNO i s the number of da tneasprementst ithecelare aoidiffeeedced r o m
between thenodelpredictions and the DSC dathe four constants in the above equationO ,
n and m) can be determined usingnly four arbitrary points in the DSC data. In practice,
discrepancies attributed to experimental uncertaiatiealways presenind this is the rationale
of theover deterministi@pproach wherthe N is much larger than the number of constaotse
determined 10]. It is also important to recall th#tte normal equation is closedform solution
that minimize the value of SSE.h#& solutionis alwaysunique (global minimajs long as6

is determinabl¢90-92].

Data Required to HandleNon-linearity of KS Model

The KS model poses a new regression analysis challenge due to its extreimeardw,
more specifically, dual power terms of ctextent). As explained clearly in the ASTM standard
[3], the simplee order modein a logarithm form can be expressed as a linear funetitn
two independent variablesit , repeated here, as

A O OO 0w (33
whereak 1 TQRQ0o; MOk 1 b; ok &k 1 Tp 1 ;ok Oj'Y; andwk pj"Y It is worth
noting that the first independent variable,is a function of cure extenp; and the second
independent variablg, is a function of temperatur€,

Eq.(33) defines a plane for a given settbfee paramete(® e HO ) in the ofto domain.
This is graphically illustrated iRigure23. A line produced by single dynamic scan daisalso

shown inFigure23. It is important to note that the line liestire plangbut it is curved due to the
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nortlinear relationship between tixeandy variables Therefore, the solution obtained from the
normal equations using a single dynamic scan data can define the plane uniquely; and thus, the
three parameter®HO &) can be obtained by the normal equations using a single dynamic scan

data.

Plane defined by Curved line produced
the nt" order model by a single dynamic
_scan data

Figure23 A planedefined by th& order model (Eg8); anda line produced bg single
dynamicscan data

The KS model of Eq29) can be expressed using the similar notations as:

Gty O OO OO O (34)
wheredk 1 TQORQoO; 0k 1 b;ok &; 0kl lp R;oka;wkli i;ok Oj'Y; and
wk pj Y The above equation contains two variapléstto hthat are a function qf. They are
relatedaso 1 Ip 'Q . Thus, Eqg. 9 can be rewritten as:

acfty, O O Ollp Q@ O (35)
Eq(35) defines a curved surfader a given set ofour parametersdfehx HO  in the

afto domain, which cannot be defined by a single curved line obtained from a single dynamic

scan datain other words, a curved plane cannot be defined uniquely by a single curvethlise
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implies that the closed form solution obtained from Eq. 7 using a single dynamic scan data will
not provide a unique set of the four parameters of the KS mod®. n@@re dynamic scan data
(i.e., an additional curved line) is required to define the curved surface uniquely.
This can be expressed mathematically as:
0 ®w 0 0 0
(36)
0 0 0 and o0 0 0

where 6 and & for'Q phc are the matrices obtained from two dynamic scan data.

3.4.Implementation

An epoxy molding compound (EM®asused to determinghe cure kineticonstants of
the KS model TA Discovery DSC 25@vas usedo obtain the dynamic scan data at the standard
heating rates df = 5 and 10 °C/min The heat flow datab obtained from DSC arshownas a
function oftemperatureX) in Figure24, where the hedtow is scaled byhe higher heating rate
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Figure24 DSCdynamic scan data at the standard heating rates 6fand 10 °C/minthe data
is scaled byhe higher heating raté¢s = 10 °C/min).

The total enthalpy of the reactiors’Q0) was measured by subtracting the baseline
determined using the start and the end point. The average enthalpy of the reaction obtained from
both rates wax, @ 1@ @/g. The curing ratedifQ § as a function of temperature were
obtained by dividing the heat flow raté)(by the total amount of heat releasékhe results are

shown inFigure25.
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Figure25 Rate of reactionsQ ifQ 0 as a function of temperaturéy, obtained from
the data shown iRigure24

The normal equation matrices (K86)) obtain from each data sets are:

@ 0 Jr 06 x 0 ur 6 g

OGC W& T pxXugvu (37)
5 o W P Wcy s 4 U T 4§

uudry PYTH

TPpYRQ pwygpu
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1 b PR UL O
" O X& T
() 5 0% o (39
o @ ¢

The four parameters of the KS model obtained fra@mare shown in Table 1.

Tablel Reaction constants 8IS model
=V e & it . O
4 1IR+07 75 . 44 1.31 0 .26

The values in Table 1 were used to predict the cure extent. The predicted cure extent is
compared with the cure extent obtained from DSC datagare26. Two additional dynamic
scan data obtained at the heating ratés02 5 and7.5°C/minare also used for comparison. The
predicted values and the experimental data show excellent agreements, not only at the two standard

rates used to determine the parameters, but also at the two additional rates.
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Figure26 Precited cure extent is compared with experimental data. Only the data obtained from
the standard rates bf=5 and10°C/minare used to determine the model parameters,
and the additional dynamic scan ddia (25 and7.5°C/min) are used only for
comparison.

3.5.Discussions
As discussed earliethenormal equatiomising a single dynamic scan data will not provide
a unique set of the four parameters of the KS mottebrder to examine this further, the four

parameters were determined using the single data set of 5°C/min ugj88.Edhe results are:

1B X @ p
" 0O C o8 p
a oP v
The values are significantly different from the values obtained from two dynamic scan data

(Eq4(398)).
This discrepancy is explained graphicallyFigure27. The black plane shows the curved

surface representing the true solution (B8)), while the blue planehowsthe curved surface
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representing the solutiabtained only using the single dynamic scan data of 5°Qfagn(14)).
The intersecting line (red line) is identical to a curved line produced by the 5°@/mamic scan
data The results clearly show that one additional curved line is required to define the black plane

uniquely.

Curved plane

obtained from Eq. 14 Curved line produced
by a single dynamic
scan data of 5°C/min

S
NS

Curved plane
obtained from Eq. 13

Figure27 Curved surfaces represented by E&p), where black and blue planes are obtained
from Eq.(38) and (14), respectively. The intersecting line (red) coincides with a curved
line produced by the single dynamic scan data @/min

3.6.Conclusions

An analytical approach based on th@rmal equations othe leastsquares methodas
developed taletermine the constants of the autocatalytic maaled it wasmplemented for a
highly-filled epoxy molding compound (EMC)Only two standard DSC dynamic scan dgta
5 and 10 °C/mih were required to uniquely obtathe four cure kinetics parameters of the
autocatalytic model, including the activation energihe predicted cure extemtas compared
with the cure extent obtained from DSC data. The predicted values and the experimental data

showedexcellent agreements, not only at the two standard rates used to determine the parameters,
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but also at the two additional dynamic scan data obtained at the heating rhtes2dd and
7.5 °C/min which corroborated the robustness and the accuracy of the proposed method.

The method is fAanalytical o in nature, and
application software. The method is efficient, but robust and accurate. More implementations

using advanced thermosets in semiconductor packaging are expected.
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Chapter 4 Novel Method to Determine Autocatalytic Cure Kinetics
Model Constants of Dual Reaction Thermosets Using Minimum

Testing Data

4.1.Introduction

A wide range ohdvanced thermosets, typically higfilled with silicaranging fromb0 %
to 90 % (w/w), are being extensivelyused andcontinuously developedfor advanced
semiconductor packayg applications Understanding the curing behavior ofosk filled
thermosetsand curedependent material propertiés increasingly importantfor optimizing
manufacturing processes, as thdvancedpackagesbecomethinner andmore complex to
accommodate the evarcreasing demand for portability and integrati88, 84].

Differential scanning calorimetry (DSC) provides a convenient and ralaydb measure
the extent of cure, or degree of cure (DOQ@)r thermosetting polymer$93]. Several
methodologies to determitige cure kineticsnodel constantfor singlereaction polymer systems
using DSC data are readayailable in the literatuf®4-96], as well as ASTM standards including
ASTM E698 (Flynn/Wall/Ozawa methgd E2041 (Borchardt and Daniels methpdE2890
(Kissinges and Farjgs methodys and E207(isothermal methods

Dualreactions are often presentadvancedhermoset$86, 93, 94, 97, 98] to achieve the
desiredspecifications to satisfy various design and manufacturing requirem€&hésdetails of
the reaction systems (i.e., chemistry and composition) are typically proprietary information and

not disclosed by material manufacturers. Additionally higd inorganicfiller loadingproduces
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a proportionally smaller amount of heat during curingfrhese factoranake quantitative
characterization of the cure kinetics of dual reactmradlenging.

Analysis of thecure kinetics oflualreactionthermosetsequires the determination wine
model constants: the ratio of the first reaction to th&l reaction andeight constants of two
autocatalytic models that describe dugdctions. Simultaneous etermination of the nine
constants from experimental data using regression analyses is challenging because of the
extremdy nortlinear nature of combined kinetic functions. A set of initial values that are
reasonably close to the true model constamsexquired for proper convergence.

This paper proposes a novel method to obtain the required initial values consistantiy,
subsequently enables the accurate determination of all nine con3thetsethodutilizes a weH
known modeffree analysis and an analytidehstsquaresapproach. The proposed method is
remarkably efficient; it requires ontwo sets ofDSC dynamic scan dafatlinear heating rates of
5 °C/min and10 °C/min) to determine the contributions of the first and second reactions to the
total cure reaction as well &se eight model constants in two autocatalytic models representing
these two reactions.

The proposed method is described in detail &ftiexfly reviewing thecure kinetics models
and kinetic analysesThe method is implemented here usingighly-filled duatreaction epoxy
based underfilmaterial used in advanced semiconductor packaging applicafitresresults are

reported while corroborating the validity and accuracy of the proposed method.

4.2.Cure Kinetics Model and Kinetic Analysis

A general form of reaction kinetics model and an autocatalytic model, knaiveléamal

Sourour model are firseviewed here One of the moddiee (isoconversional) kinetic analysis
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methods, known ateFriedman method, is also reviewed. A deterministic approach to determine

the model constants tiie KamalSourour model is described briefly.

4.2.1.Generalreactionkinetics model
The general form of reaction kinetics model is express¢tila89, 100 :

%2 YN 0N (39

wheret is the time (in seconds¥is the rate constafin s %); and"Qr) isthereaction model. fie

rate constartan be a function of both temperatué and extenof cure(r)). For most thermosets

used in the semiconductor packaging industry, it has been reported that the rate constant is

independent (or a very weak function) of the extent of {8re88]. The rate constant can be

expressed using the Arrhenius equatian as

- 0O
QY 0A@D oy (40)
where0 is thepre-exponential facto(in s 1); O is the activation energyn J mol); andRis the
ideal gas constant (8.31mol 1 K'™Y).
Then, the modified autocatalytic model, known asKlaenalSourour model takes the

following form [89]:

Qn .
QN oy~ ; 41
a6 Q'Y p 1 (41)

wheren andm are reaction orders associated with the model.
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4.2.2.1soconversionalanalysis: Friedmanmethod

Theisoconversionalalso known amodeltfree) analysid101] offers a way of determining
the activation energy of a reaction process without assumtngekinetics function The main
advantage of the modé&ke analysis igs simplicity while avoiding errors associated with choice
of a kinetic model. Two most widelyknown methods are thHeriedman methoda differential
modelfree method)[102 and theKissingei Akahira Sunosemethod (an integral modelfree
method [103. The former is adopted in this study because ¢uring rate Q ifQ  from a
dynamic scan data of DSC can be directly used for the analysis. The method is briefly reviewed
below.

Taking the logarithm of the general kinetics models(E26) and (2) yields

O 1
v

P2 s o
Q0 02N

(42)
At a constanture extentr{), the above equation becomes a linear curve, which can be expressed
as:

® O 0w 43
wherewk 1 TQH QO @k 1 167Qf N O n TYandew pIY The slope of the linear
equation provides the activation energy at a given cure eXeni, [102 104. The activation

energy can be calculated from the slope of the line using the following equation:

72N

I 150

on Y (44)

_<‘I'o
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4.3.Deterministic Approach to Obtain Kamal-Sourour Model Constants[105

The KamalSourour(K-S) model can be expressedtime following formby takingthe
naturallogarithm of Eq(28) as:

. .Qn N L. (0]
Qi . , . . O 4
Y b ¢ldlp n aly Yoy (49)
The objective function™Y defined bythe sum of square error (SSE) between the

experimentally measured and calculated reaction ratecdatbe expressed as:

; SN -Qn
Y e B
(46)
o R QN
| B vy £l noalin 0T
The leastsquares critéa for the four independent variables requires:
TY 1Y 1 YTy
T16 fo fT& & @7

The above criterion produces a system of equations, known aerthalequations The

results can be expressed in a matrix form as:

A 0 0 (48
1B
where ® O ;
£
a
. - QN .
'y I 1 —, Iy
I-,IJ QO I',l}
nnnQn .0
0r =—— 1— ¥
v Y'Y 0
o) . .
llj o A Q0N oy
o Q0 ..
I N LY
Vg Qo o
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Thenormalequation isan analyticabpproach ofhe leastsquares methgavhich does not
need to useegression analysedt has been shown that theethod requires only two standard
DSC dynamic scan data obtain the kinetic parameters of tiamalSourourmodelaccurately

without regression analyseMore details can be found in R¢L05.

4.4.Proposed Method
To determinghe overallcurereactionkineticsof a dualreaction systemnit is necessary to
understandhe contribution of each reaction to tlegerall exothermic heatx{O ) obtained from
the dynamidSCdata The total heat of reaction can éepressed as:
30 30 30 (49
wherez’O AT RO represent the heat generated by the two reactions, respectively. The overall

reaction rate can be expressed as:

Qn _ D
Qo Qo0 P T o
30 -0 N30 p - B0
. 30 30 50
d 30 30 (50)

h -n p -1
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whereAi s t he ratio of the first reactionThd o t he
variable, /s, was first introduced in Ref10§. Although the value of should be a constant as a
material system parameteéhe concept was treated incorrectly, resulting in the valuéstiat
varied with the DSC linear heating rates.
Using the kS model, the overateaction model for two reactiecan beexpresseas:
Qn O [$)

Qo Qo P T Qo
-Qp A A p -Tp A 0 ®D
whereQ 06 A@b— NQ 6 A@D — | respectively.
Theleastsquares based method caruliBzed to determine the constants.h& objective

function to obtain th@ine constantsd FO R ha h-fd HO FE K  is defined as:

3 Qn Qn
Q0 Q0
(52
Qn _ o o - N
Q0 Q0 j Q0

As mentioned earliethe optimum values are sensitive to the initial values of the constants
since the functiorshown in Eq. (14)s complex and extremely ndimear. Several local minima
can exist which satisfyteonver gence requiremeness.or Aesti maf
values are required to ensure that the objective function converges at the true values with the

minimum amount of test data. A novel procedure is developed to determine the initial values

consistently.

Procedure to Determine thd nitial Values
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The initial values are determined by the following four sequential steps.
Step I: Conduct the modetfree analysis
The analysis based on E@4) offers the activation energy as a function of eexéent.
Recalling the fact that the activation energy of th8 Kiodel is only a function of temperature,
two reactions would produce two activation energies with a transition regiomddle point
over the transition region will be selected as an estimated fajio (
Step Il: Perform the deterministic approach for the first reaction
The closed form solution of E¢B2) is implemented to estimate the kinetic constants of the
firstreaction & hO hé&¢ ha usingdata from twestandard DSC dynamic
scars. The data obtained from DSC has to be modified using the estimated-ratio (

obtained in Step |I.

o, pan
Qo - Q0o
(53
P,
n —
where — and 1}  are the estimated curing rate and cure extent of the first reaction,

respectively.
Step llI: Estimate theheat of thefirst and second reactions, 3 and 5
The first reaction is estimated by theXmodel using the constants obtained in Step Il. The
second reaction is then estimated by
30 30 30
wherez'O and3'O are the estimateldeas of the first and seconeactions, respectively

Step IV: Perform the deterministic approachfor the second reaction
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The closed form solution of Eq32) is implemented again to estimate the cure kinetics
constants of the second reactiod hO h¢ ha using the same twoDSC
dynamic scan dasats. The data obtained from DSC has to be modified using the estimated

ratio & ) in Step I.

il p_02n O
Q6 p - Qo0 Qo
(54)
n Py
p —_
where — and n  are the estimated curing rate and cure extent of the second reaction,

respectively.

Non-linear regression to determine the nine constants

Once the initial values of the nine constants-h 6 hO h& ha h
® hO hé¢ ha are estimated, aonrlinear fitting methode.g., amodified form of

gradient descemhethod is used to determine the final values of the nine constants (Hq.

4.5.Implementation

An epoxybasedinderfill (filler contents 65% wt./wt.) was used to implement the proposed
method Use of the underfill material in flgghip technology is illustrated schematicallyFigure
28. The application of underfill involves dispensing the material around the edges of the chip.
The underfillflows by capillary action betwedhe chip andthe substrateéhrough and around the
solderjoints. The underfill is cured at high temperatuceachieve the desiregdermomechanical

properties Thefunction of underfill is two-fold: (1) it redistribues thermal stresses in the layer

(the gap between the chip and substrate with solder joints and pads) and, thus, reduces bump

stresses significantland (2) it protects the layer of the device from operating environriivis
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Underfill IC chip Solder
bump

Figure28 Schematic diagram of a fliphip IC package

A commercial differentiabcanning calorimetéi A InstrumentDiscovery DSC 25pwas
used to obtain the dynamic scan data at the standard heating fateS t€/minand10 °C/min.

The standard uncertainties for temperature and heat flow are estimated to be + 1 % and + 3 %,
respectively The DSC heat flow data0 areshown inFigure29, where the hedtow is scaled

by the higher heating rat§ p 1€C/min) for a better comparison of the resatghe same
instrumentsensitivity [86]. The shouldershat occur after the initial peak Figure 2clearly

indicate two competing reactions.

The totalheatof the reaction¥'O ) was measured by subtracting the baseline determined
from the start and the erréactionpoint. Thetotal heatof the reaction obtained froboth rates
wasconsistentvith an average value of about 114/§. The curing ratéQ ifQ das a function of
temperature werealculatedby dividing the heat flow rata)() by the totaheat of reaction The

results are shown iRigure30.
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data shown ifrigure29

Rate of reactionsQ ifQ 0 as a function of temperaturéy, obtained from the
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Figure32 Apparent activation energs a function of cure extent, obtairfeaim the
Friedman analysis.
The results obtained from Step | (a meftek analysis usinthe Friedman method) is
shown inFigure31. The apparent activation energy as a function of cure extent is shéigune

32. Two linear lines representing the activation energies were drawn and the transitions are
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connected to help estimate accurately. There is a cleastep transition (blue line) of the
activation energyindicating that both reactions are occurring simultaneously irtrémesition
region. The estimated ratio( was determined as the cure extent at the middle point over the
transition regions- = 0.85,as indicated in the figure.

It is worth noting that only two data points are used for calculation of the activation energy,
although three data points are typically used to minimize the uncertainties associated with the
experimental datauring slope calculation The objective othe abovecalculationwas not to
determine the activation energy accurately but to just estimate the ratio. This provides arational

for using two data points faheactivation energy calculation.

It is also evident fronfrigure32 that the contribution of the second reaction to the overall
reaction is nearly negligible untjireaches 0.75; i.eQ)) Q0 mandrn * 1. Therefore, only the
first reaction contributes to the overall reaction when the extent of cure is below ké®ise,
afterp = 0.90, the first reaction reaches completion, and the second reaction dethtest flow

response

Tablel Estimated cure kinetics constants of the first and second reactions.

M kI Mol = _('s)| = | O . by
48.61 1.64E+03 | 1.20 0.2 0.85
tH gl KJ "ol = _('s)| = | O 4 Ly
57.20 3.29E+03 | 1.01 0.25 0.15

Using the two data sets ( v J#Hl E&ndi  p #1 E)| a set of constants for the first

reaction was estimated using E§3), following Step Il. The contribution of the second reaction
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was determined by Step Ill. Then, using the two datafsetsy J##l E &ndf p 1€C/min), a
set of constants for the second reaction was estimated usin§4ggollowing Step IV. The
results for the estimated constants for the first and second reactions are &btk in

Using the nine initial values ifable 1, anontlinear fitting method utilizinga modified
gradient descent method (NedMead algorithm) [108§ was followedto fit the dataset. This
algorithm is available 894 Q¢ { V@@ QE mEVATLAB programming language. The
values ofthe modekonstants obtained are summarizedaible?2.

The DSC datadf v °C/minis compared with the predicted value$igure33. Figure
33(a) shows the curing rates of two reactions, while (b) shows the cure extents. They show
excellent agreement with the overdll 1@ w.p

The prediction results can show the contributions of each reaction separately, and they were
also included in Figure 6. As mentioned earlier, the second reaction is much weaker than the first
reaction. The activation energy of the second reaction i$yri&fo larger than that of the first
reaction. However, the maximum curing rate of the first reaction is more than four times higher
than that of the second reaction. Consequently, the second reaction contribute8 @0o¥lyof
the total cure extentThis information can be used effectively to optimize the curing schedule
during manufacturing.

Table2 Final reactionkinetic constants fothe underfill material obtained using the proposed
method

r (kJ mol = ('s) . O t

45. 52 1. 00E 1.41 0.3 0.7

e (kJ  mol = ('s) . O t
62. 25 1. 08E 1.2{ 0.1 0. 2
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Figure33 DSCdataof1 L °C/min is compared with the predicted valuegtlie curing rats
and(b) thecure exterd

4.6.Discussion

Two extra dyamicscandatasetswereobtainedat b= 2.5°C/minand 7.5 °C/min. These
datasets were used to further validate the constants obtained from the proposed method. The cure
extent obtained from DSC is compared with the predicted cure exteigiire34. The predicted
values and the experimental data sedexcellent agreementith R> > 0.99 not only at the two
heatingrates(b = 5 °C/min and 10 °C/min)sed to determine the parameters, but also at the two
additional heating rates 6f= 2.5°C/minand7.5°C/min. The results corroborate the robustness

and the accuracy of the proposed method.
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Figure34 Predicted cure extent is compared with the experimental data. Only data obtain
from two dynamic scanning rates 5 °C/min and 10 °C/min are used to determine
the model constants and the additional scan flata{® °C/min andx® °C/min) are
usedfor validation.
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Supplementary regression analyses were conducted to illustrate the complexity (i.e.,
extreme nonlinearity) of Eq(51). The sameNedlerMead algorithm-based method was
implemented using three different sets of DSC dath) two sets of datab(= 5#/ E &nd 10°
C/min); (2) three sets of datd € 2.5°C/min, 5 °C/min and 10 °C/min); and (3) four sets of data
(b=2.5 °C/min, 5 °C/min, 7.5 °C/min, and 10 °C/min) without-gegermining the initial values
(Steps | to IV). The nine constants obtained from the supplementary regression analyses are
compared with those obtained from the proposed method. The asutismmarized in Table 3.

The last row of the table shows the correlation coeffici&nt 6f each case.

Table3 Comparison of cure kinetics constants obtained from various data sets with arbitrary
initial values with the true values obtained for the proposed method

Constants Q) (2) 3) 4)

2 0.79 0.37 0.49 0.16

m (kImol ) 45.42 32.8 38.6 76.9
= (Ts) 1.00E+03 | 4.56E+03 | 3.36E+02 | 9.45E+07

. 1.45 0.87 2.16 0.81

O 0.35 0.23 0.63 0.28

m+ (kJmol' ) 62.25 74.2 66.80 44.90
= ('s) 1.08E+04 | 9.92E+02 | 5.89E+03 | 4.33E+02

. 1.24 1.67 1.04 1.44

0 0.11 0.27 0.03 0.23

Coi?f::j'e"’:t'((’;‘ ) 0.99 0.97 0.98 0.98

* Note for Table 3:(1) Proposed methgd(2) arbitrary initial points usingwo data sets(3)
arbitrary initial points usinghreedata setsand (4) arbitrary initial points usirfgur data sets
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The results obtained from the arbitrary initial values deviate significantly from the values
obtained from the proposed method regardless of the amount of data used in the regression
analyses. This is because the values of the kinetic constants can sigaifggntly from the
initial values while the nonlinear muftiarameter minimization converges to a minimum. This
iterative process may lead to convergence to local minima rather than a unique global minimum.
Therefore, the kinetic parameters obtaingmy not be unique and could be erroneous if arbitrary
initial values are used.

As shown in Table 3, in one caselfitrary initial points using four data sgtthe activation
energy of the first reaction was higher than that of the second reaction, which is not physically
possible. The correlation coefficients (the last row) are very high in all cases, and thus the results
can be completely misleading. Thigapplementary analysis confirms the rationale behind the

proposed approach.

4.7.Conclusions

The cure kinetics of a highffiiled duaklcured epoxy, known as an underfill in the
semiconductor packaging, were studied using standard DSC dynamic scan data. The DSC
thermograms were used to describe the total reaction, amdntréutionof the first reaction to
the total reactionwas determined in addition to the eight constants of two autocatalytic models
that described the dual reactions. The objective function to determine the nine constants
simultaneously from DSC data was highly Horear. Theefore, these nine constants could only
be uniquely determined unlesset of initialvaluesthatwerereasonably close to the true model

constantsvere provided, regardless of the amount of dynamic scan data used in the computation.
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To overcome this challenge, novel methodvas proposedo obtain theinitial values
consistently The methodfirst utilized the well-known Friedman methodo determine the
activation energy as a function of cure extent, from wthietratio of the first reaction to the total
reactionwas estimated. This ratio was subsequently used fanalytical approach of the least
squares methoib estimate the autocatalytic model constants of each readtimm,a nonlinear
fitting methodwas appliedo obtainthe nine constanissing the praletermined initial values

The proposed methodemonstrated excellent efficiency usiogly two standard DSC
dynamic scan dasets(at linear heating rates of 5 °C/min and 10 °C/min) to determine the nine
constants correctlyThe predicted cure extemascompared with the cure extent obtained from
DSC datanot only for the two dynamic scan data but also for two additdyr@mic scamlata
at different rates (2.8C/minand7.5°C/min). Excellent agreemeffivith R? > 0.99) was observed,
which corroboratd the robustness and accuracy of the proposed metlkodension of this

approach to additional applications will be the subject of future work

71



Chapter 5 Characterization of Bulk Behavior of EMC

5.1.Background and Motivation

There have been attempts to measubrilk moduli () of a fully-cured polymer as a
function of temperature and/ or ti me. Unl i ke
done using a commercially available tools like dynamic mechanical analyzer (DMA) and universal
tensile test machine (UTTM), bulkebavior is challenging to measure and requires specialized
commercial tools or custom designed setups for measurement. This section discusses the tools/

methodologies which have been used to measure the bulk moduli.

5.1.1.Temperature-dependent bulk behavie measurement by RV-T-C

Pressure

Measurement
piston ~

| Sample

Fixed
" piston

Figure35 Schematic of af/-T/ plungerbased higkpressure dilatometer setup

A high-pressure dilatometert¥-T (pressurevolumetemperature) machine has been used
widely to measure temperature dependent bulk moduli. A schematic diagram of a tygidal P

setup is shown iRigure35. It consists of a sample coupon, i.e., the material being tested, a plunger
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to apply pressure, and a higisolution LVDT to record piston movements. The mold is typically
made of a higistiffness material like steel, which also acts as an environment chamber. The mold
can be heated to various temperature to measure tempetepmedent properties.

This device was originally developed to measure the +slithkage caused by
compression molding procesgég, 109. It was later adopted to measure temperadependent
coefficient of thermakxpansion (CTE) and compressibility (bulk modulus) of filled molding
compound$38, 49].

With the device, different levels of pressure and temperature are applied to record
volumetric displacements "Y1 ), which can be calculated using the following equation:

. “Q .
30— O 0 (59

whereQ is the inner diameter of the mol@"YD is the height of the specimen at a
temperaturéYand pressuré, and’Q is the original height of the specimen. A typical volume
change data for EMC as a function of temperature and pressure isistfeigure36[110. The

data for volume change is recorded isochronously at"8ath
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Figure36 Volume change for EMC in different temperature and pressure for PVT
measuremerjtL10]

The governing relationship between volume, temperature and pressure can be expressed

A

using equations of state [lklnown as Taitds equ
SN oY 5 0
L Y YT 5
o s (56)
- B g v Prr vy I AT @E"Y 7Y
O Y p QY Y EQ Y Y

e

where8ha fo RQAQM M  are materiabpecific constants. The experiment data shown in
Figure 36 fit into Eq. (56) to obtain the material constants. The compressibilityY and the

bulk modulus 0 "Y are obtained by taking a partidérivative of Eq(56) with respect to pressure.

sy BLO
wT v
(57)
P
VY

This gives the temperatudependent elastic bulk modulus of the EMC. It is clear form

Eqg. (56), that the equations of state have been obtained independent of time and do not consider
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time-dependent behavior. Hence, the equations of state cannot be used to determine time
dependent compressibility or bulk modulus.

To incorporate the temperatudependent bulk modulust Y into FEM, one cannot
simply use LVE module as temperatalependency implies timgependency due to thermo
rheological simplicity (TRS). However, the implementation is modified using-defared

function using the following equatiofi49]:

a v a
V(Og ¢O 0O "Qala Ta m (58)
a0 Y

where, i and, are the total, deviatoric and volumetric stress tensors, respecti@eiyd-
are shear strain and volumetric strain tensors, respectively.

In the above analysis, the volumetric and shear tensors are evaluated separately and added
together to give the total stress. Here, the shear stress is evaluated based on the Prony series but
the volumetric stress is treated as elastic and evaluated drasled elastic bulk modulus values
at a given temperature. Hence, the volumetric component of the stress does not exhibit time

dependent behavior.

5.1.2.Time-dependent bulk behavior measurement by embedded fiber Bragg grating (FBG)
More recently, a cylindrical polymer specimen with an embedded glass fiber Bragg grating

(FBG) was used to measure the viscoelastic bulk moduli of EMC while subjecting the FBG

specimen assembly to high hydrostatic pressure produced by an ings8ga9. The FBG is

made of glass fiber, and it is an ideal sensor for the measurements because it is robust enough to
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handle the harsh manufacturing environment, i.e., high temperature and pressure with presence of
corrosive chemicals.

Althoughthe method was innovative atite resultsndeed exhibited clear timgependent
bulk behavioy a couple of technical challenges weealizedduring its implementation These

issues are discussed in detail below, as they are directly or indirectly related to a novel method

proposed in this thesis.

Brief Description of FBG-based method

Change in grating pitch
due to loading

LiaA

15‘45 15‘48 15‘50
Wavelength (nm)

Figure37 FBG embedded specimen subjected to mechanical loading for measurement of
mechanical properties

A fiber Bragg grating (FBG) is an optical strain sensor that offers very high sensitivity

(°1me). Itis extremely robust, as it is fabricated on a glass fiber. It can be embedded inside the

EMC during curing process, as illustratedrigure37. Mechanical properties can be measured
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by embedding an FBG sensor inside EMX9]. For an isotropic and straight Bragg grating, the
effective refractive index can be expressed using the following equation:

. £ . - - c Qe . -
— = ! ! - T o~ ! : "Y 59
3¢ c 0 0 O Ty 0 O 13 (59

where- is the transverse strain, are the stramo pt i ¢ coef ficients (Pro

Q &Q ¥ the thermabptical coefficient, is the CTE of the fiber core material, astis the

temperature change. For the uniaxial loading where - with no temperature change, the
equations can be simplified as:

3 _p UL - (60)

C
C

where0 is defined ag) — 0 Nis the Poissonés

material. This shows the linear relationship between the applied strain and the BW change.

When both temperature and mechanical loading are incorporated in the grating, the BW

shift can be expressed as:
3 3 3 (61
wherez_ is the BW change by the temperatuge; is the BW change caused by the mechanical

loading. They can be expressed23 117:

= - gavt g av ey
3 p é et et 5 , 62
N L (62
S-S ¢ B
c p p ”

at

whereO and are the Youngds modulus and ,Pand,ssonds

are the axial and radial stresses acting on the Bragg grating.
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When EMC is subjected to axial and/or radial loadingadd ), the pitch of the grating
(¥) and its effective refractive index ( ) changes to due to applied stressHsis causes change
in the Bragg wavelength (BW) signal which can be used to calculatestiganical properties of

EMC.

Compressive Polymer

X g ; Gas Inlet
sealing unit specimen

chamber

Figure38 Schematic of hydrostatic testing chamber assembly

For measurement of bulk behavior, the fabric&B& embedded EMC specimen is placed
inside a metal chamber, and it is sealsishg a compressive sealing unit as shé&wgure38. The
gas inlet of the chamber is connected to pregsameducer and the higiressure cylinder through
a pressure regulatotJpon application of the pressure signal, the regulator valve opens and the
high-pressure gas flows into the chamber till the set pressure is achaeddtie BW change-( )
is recorded.Then, the bulk modulus is obtained from the BW signal using dinear governing

equationbased on an elastic solutifss]:.

5.1.2.1.Heat generation induced by gas

The gas undergoes acceleration between the reservoir and the chamber due to the large
pressure differential, followed by sudden stagnation in the chamber along the chamber walls and
the specimen surface. The entire pressurization process last ab®@00508 (from 61000 psi)

and the sudden compression and stagnation causes large heat generation within the chamber.
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Figure39 BW signals demonstrating the effect of heat generation due to the instantaneous
pressure application

This effect of heat generation is illustrated kigure 39. An FBG embedded EMC
specimen (D = 4.5 mm) wadaced in a chamber and subjecte@noinstantaneougas pressure
of 500 psi. The3axis value indicates the Bragg wavelength (BW) change, which is directly related
to the EMC strainsThe initial increase marked by a red circle is the evidence of heat generation.
Without the heat generation, the BW signal would decrease after a pressure is apied (

The part of data affected by the heat generation was ignoredgretheus practice, which
extended the testing time significantly. For exampléhefeffect of heat generation lagbr 10
seconds, additional testing of 100 seconds is reqtiretiedecade of data the log scale In
fact, although theoretically possible, it is extremely difficulthe distinguishthe temperature
effectfrom thecreep datan practice which canleadto erroneou®ulk modulusneasurements

This detrimentakffect of heat generation for hydrostatic testiitj be exacerbatedor
testing in"Y region where large amount of creep behavior is observed. The main cause of the heat
generation is sudden stagnation and compression of the incoming inert gases along the chamber

walls and the specimen. The rapid heat transfer from the gas to the spdaate the high heat
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transfer coefficient causes significant and noticeable change in the BW signal upon pressure
application. The total amount of pressure applied, time for pressure application and ambient
temperature of testing also directly affect the amount of temperaarie the chamber.

The inert gas used for testing (He or As)well aghe total volume of the chamber affect
the total amount of thermal energy introduced into the system. This is because the two gases have
significantly different thermodynamic and material properties (density, heat capacity, viscosity
etc.). Finally, the thermal properties of the chamber and the specimen affect the total share of heat
absorbed by chamber and specimen, respectively, and the amount of time it takes to dissipate the

heat and reach an eghiium condition.

5.1.2.2.Errors associated with the governing equatioshiusedto determine bulk modulus

Embedding a glass fiber inside a cylindrical EMC coupon made the assembly inherently a
composite structure, and thus the BW signals did not present a pure hydrostatic response in spite
of the hydrostatic loading provided by an inert gas. The stresshke glass fiber were caused by
the multiaxial loading conditions induced by the applied pressure. Thus, in the first bulk modulus
application, the temperatuceependent bulk modulus is obtained from the BW signal using the
following nortlinear equation b&sl on an elasticity solutid®8g]:

OY 3 "YRRO'Y D (63

The temperature dep@N dvasmequiredsocalcgldtes’yY fmom the BWI s

signal.
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Axial pressure (P,)

Radial pressure (P,)

Figure40 Schematic of a polymer specimen with embedded FBG under axial and radial loading

This approach was extended later for measurements ofdémendent behavidbg],
which used the following relationship, still based on the elastic solution:

O AY  3_ YR FORY O (64)6

This extension into the viscoelastic domain had a fundamental flaw. The governing
equation based on aastic solution will not be valid for viscoelastic behavior. The errors

associated with Eq. can be significant, especially when a large viscoelastic behavior (dyound

5.2.Proposed Method
A novel method is proposed to measure viscoelastic compressibility/bulk moduli as a

function of time and temperaturd oY AT A h'Y. The method utilizes the inegas based
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pressure application, but usegadically differentloading profile to achieve the goal while

negating the effect of heat generation produced by the gas.

5.2.1. Determination of optimum loading profiles to negate the heat generation

In a typical timedomain testing for compressibilityd 6 , or bulk modulusp o ,
measurement, a constant strain or a stress is applied, and the viscoelastic response is recorded as a
function of time, theompressibility or bulk modulusan be obtained directly from the measured

data.

(69

The main advantage of this method is measurement of the property is relatively simple.
Although theoretically sound, in practice however, instantaneous load application is not possible.
More importantly, the amount of heat generated due to high ratadihtp (>7MPa/s) makes it
extremely difficult to decouple CTE induced response to that of hydrostatic creep. Thus, it is
practically very difficult to implement this method using inert gases.

To mitigate with the temperature issues of instantaneous loading, the rate of pressure
application §073:0) needed to be reducedn this section, various pressure profiles for load
application have been demonstrated using a standard linear solid (SLS). The calculations involved
in aSLS @an be extended to a general Maxwell model without any loss of generality. The
advantages and disadvantages in using each loading profile have been discussed and an optimum

loading profile is chosen for the measurements
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Figure4l1A illustration of a standard linear solid (SLS) using a spdaghpot model.

Standard linear solid (SLS)

In a standard linear solid (SLS) as illustrateBigure41, the relaxation modulus and creep

compliance can be expressed H53:

Ca : o .
VO U UAQDT—I’D O 0

‘ (66)
°

60 0 6 0 pAQE)Jr

. P - P 0
)] l')_h) D—hT T F

The bulk moduli- 0 6 and compressibility- 6 0 are interconvertible in linear

viscoelasticity using the convolution integral shown below:
0600 touotQt o (67)
An analytical relationship betwe@&n 0 andd 0O exists for a SLS as described in E&f).

The integral have to be evaluated numerically for inteverting between the properties with

Prony termg113.

Pure linear loading

In this method, pressure is applied linearly at a low but constantaten(jl the target
pressure. The compressibility cannot be directly calculated by taking the ratio of strain to stress
at each point. The polymer being viscoelastic exhibits history dependent behavior and hereditary
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integral is needed to be able to relate strain response to the applied pressure at a particular time.

The timedependent compressibility can be calculated using the following equations:

~

o 2 nso 50 + 29" o4
g” n Qt
0 . 3 A o
-6 5060 6 0 T p Q)E)T— (68)
02 O« 5 & Agpl 8 o
0 Qo t

The main advantage of the method is that the eregponse although being governed by
hereditary integral simplifies due to the linear ratelazfding. The compressibility can be
calculated by simply taking the ratio of straite ¢ ) to the pressure application rafe) @t a
given time. However, for practical application, the upper limit of the pressure is usually restricted
due to the pressure rating of the components used. Additionally, taking numerical derivative of
the experimental data can cause significant gmae to the noise in the system.

Linear loading andunloading

For linear loading and unloading, the loading conditions wilrbm 6 Ttto 0 7¢, U

0 andd 07,0 0

For6 o0¥cD

TQft

1
o
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o
o

(69
C . x 0
6 6 o6t p Aob—

1
o
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o

ForO o07¥ctoo:
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In caseof linear loading and unloading, the equations no longer remain simple like the
previous case. One cannot directly obtain the compressibility from the experimental data. The
Eq. (69 and(70) need to be solved using a numerical program to determine the values.

For practical application, the pressure regulators need to be programmed for both load
application and load removal which requires a complex control system and regulators designed for
both pressure application and removal. Additionally, the pressureswailiehange continuously
and the noise to signal ratio would be higher compared to constant pressure. The total amount of
creep will be smaller compared to the constant pressure case as the pressure is being changed at
each time step.

Linear loadingplus constantloading

For linear loading and constant pressure, the loading conditions Wilbined T1to 0,

O=0andd O too6,0 U

ForO 04
o, . :
-0 — 00 tQft
o
) (71)
o) v 66 6 o6 % A@Do
o P T
ForO 0 tood,
o, .
-0 5 oo tTQf (72
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In this case, a pressure at a known linear rate is applied and held constant for a period of
time to record creep data as a function of time. Here also the data needs to be fit numerically to
obtain the compressibility values from the experimental da@tse constant pressure allows for
recording of creep as a function of time. Thquiredlevel of pressure can be smaller than the
linear loading case. This pressure profile has been used to determine bulk behavior of the EMC
in this work. A derivationad demonstration of a proof-conceptfor a general fthain models

in the next section.

5.2.2.Analytical derivation for an n-chain model for linear + constant loading
For a general polymer like EMC, the viscoelastic behavior is expressed using a master
curve which consists @ chains represented by generalized Maxwell model, the viscoelastic

property- 0 0 can be expressed using a Prony series:

o)
66 6 6 p Aza? 1)) o) o) (73

The relationship between hydrostatic strains and applied pressure can be expressed using

the following hereditary integral:

P o, ,T0 o p \ ot , 10
-0 - 80 TT_TQTE 6 p AQDT— o) T_TQT (74)

For a general loading condition, the hereditary integral needs to be evaluated numerically
to determine the evolution of pressure and strain over time. The experimental data obtained from

hydrostatic testing is fitted to the data sét 0 vs.- 0 to obtain théd 0. Under pressure
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loading at linear rate af 0 for timed o followed by constant pressute 0 , the
hereditary integral simplifies, and relationship can be determined analytically.

During linear loading part of pressure application, iGe., T to 0 using pressure
application rate oRQ Q1+ Ohthe relationship between 6 vs.0 0 can be calculated as

follows:

0

n (79)

o guéc‘) 6t p AGD

For constant pressure part of the load applicaib@Q Tt Tti.e, pressure is constant, the

relationship between 0 vs.0 6 can be calculated as follows:

L Py . 0 0 0
- - Agb Agb — 76
o) OU 6 0 ot T T (76)

The Eq.(75) and(76) will be used for determining compressibility from the applied pressure and
measured strain data.

In a general Prony series, the tic@nstants can theoretically range fromtbh H . Itis
a common practice in viscoelasticity to choose the-torestants with decade intervals to capture
the behavior accurately i.&:;, p 1 top . Fordl 1 hthe chains associated with small
time-constants will practically relax completely and will not contribute to the actual strain data
(due to the limitation of the data recording system). On the other haril, fdr hthe rate of
relaxation is too small and hence the chains associated with thoseotistants will effectively

act as pure springs and contribute to the unrelaxed component.
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5.2.3.Methodology to determine compressibility Prony series constants from the
experimental data
Eq.(75) and(76) are a system of linear equations with respect to the Prony series constants

-6 86 M andd , which makes the system of equations convex in nature. For an over
deterministic problem, i.ethenumber of data point®( > number of variablesi( , the equations
would yield a single solution. The solution will always converge to a unique global minitmem (
proof of uniqueness can be foundAppendiy.

Extra caution should be givevhile interpreting the uniqueness of a solution of system of
linear equations. The system of equations will converge to a global minimum only when the data
set being used covers the entire domain (time range) of the master curve (from glassy to rubbery
region). If only a subset of data is being used, the equations will only converge to a solution
which best fits to the input data set. The solution may not work outside the range of data set.
Hence, for using this method gtitesting needs to be conducted over the entire range of the master
curve before determining the constants. The effect of using a single data set for calculation of
compressibility at one temperature vs. the entire data set has been discussed in.8gttion 5

The objective function for fitting to the data set is such that the sum of squared error (SSE)
between the experimental strain datap( 0 ) and the predicted strain data j 0 is

minimized as follows:

CETEBEUA-; o -5 0 77

The predicted strain data is calculated using the Prony series of compressibitityand
the hereditary integral in E¢75) and(76). For an rchain model, the range of decades is very

large and the tests are conducted over several temperatures to collect data over the entire range.
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Shift-factors { T¢X) are used to accelerate/decelerate the rate of relaxation for a given temperature.

The Prony series of compressibility is as follows:

o}

wherew is the shifff act or already obtained form the Yo
optimization program was written in MATLAB based on the minimizing SSE described in Eq.

(77). It was used to determine the Prony series constants, i.e., compressibility as a function of
time.

Table4 A 5-term Prony series compressibility model to demonstrate the program

(Glassy)
B; 0.001 0.01 0.02 0.03 0.02 0.01
T; 1E-2 1E-1 1E+0 1E+1 1E+2
log ar -5 -2.5 0 1.5 3

A proof-of-concept of the optimization program has been demonstrated ushehaans
compressibility Prony series and simulating a virtual experiment based on linear+ constant loading.
The Prony series and a set of sféittors { 1¢X) used for demonstrating the methodology is
shown inTable4. A virtual experiment was conducted in which a pressure was initially applied

linearly at a rate ob p unit/s for 100 seconds and held constant for additional 250 seconds.
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Figure42 Results of the virtual experiment and the optimization progradetiermined 0 i (a)
Strain data as a function of time, and (b) comparison of the compressibility values used
vs the values obtained from optimization program

The hydrostatic strain as a function of time generated form the virtual experiment is shown
inFigured42( a ) . Using the Adatao from the virtual
program, the compressibility values have been recalculated as a function of time. A comparison
between the calculated compressibility values and the input valakewn irFigure42 (b). The
values are virtually identical indicating that the optimization program works very well. This
optimization program will be used to determine compressibility from the actual experimental data
in the implementation section.

One of the main advantages of using this methodology is the direct determination of the
entire material function as Prony series of compressibility from the set of data. One requirement
for this methodology is that the shffictors have to be known andeasured beforehand.

As discussed previously, the sHifictors { 1dX) are required to be able to calculate

compressibility at various temperature using the Prony series function. The next section first

briefly discusses measur ement of vi scoel asti
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analyzer (DMA). The mulifrequency temperature (MFT) sweeping data has been used to
generate a frequena@omain master curve by TTS shifting. The correspondingf&ufors have

been used in the implementation section to determine compressibilityHfeomxperimental data.

5.3.Implementation of the ProposedM ethod

5.3.1.Description of the testing apparatus

Convection Oven

Electro-pneumatic Regulator

S Pressure
Low Pressure Transducer -

Source —» mmmmeey Plug ~d
High ‘ ‘..,,,_.,,,_.,.,,,,.@
Pressure Inlet—»zzzzzzzzes | 7
Gas Inlet

’ Cavity
EMC Specimen

Strain Gauge

Chamber

Mechanical
Regulator

Wire

Strain Gauge

PC o ___ A Amplifier

Figure43 A schematic drawing of the hydrostatic test setup designed to measuretbperedent
bulk behavior

A schematic of the complete test setup used for the experiments is shéigura43.
Hydrostatic testing chamber similar to the one used for FBG specimen {&&tiadg4 was used
for the experiment. The specimen was inserted inside the test chamber for the period of testing to
be subjected to hydrostatic pressure. The sealing was achieved using a custom designed
compressive sealing unit (Conax MRG-140). The allowedor sealing the inert gas while
allowing the instrumentation cables (BOVG Cu wires) to send the voltage signal from the strain
gauge to communicate with the outside world. The voltage signal was passed through a signal

conditioner and amplifier unit (Oega DMD465) to the data acquisition unit (DAQ-MB12) for
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recording to the computer. Additionally, a shunt resistor circuit based otplregltsion resistors
was designed to calibrate the strain signal based on simulated maximum load to determine the
amplification factor.

To achieve an accurate linear pressure rate, a fast response pressure application system
with a feedback program was required to control the pressure rate. The schematic of the pressure
application system is shown Figure43. It consists of a higpressure mechanical regulator
(TESCOM 26065000) which was controlled by a fast response elgoieumatic pressure
controller (TESCOM ER3000). A high accuracy pressure transducer (TESCOM 1610)
monitored the pressure on the climmside while provide feedback to the control loop. A control
routine using LABVIEW software was developed to achieve a desired pressure rate during the
testing.

The chamber was kept inside an environment chamber to control and maintain the
temperature during the testing. The temperature was continuously recorded and controlled using

the LABVIEW program.

5.3.2.Fabrication of EMC specimen

A cuboidal EMC specimen of dimension 20 mm (length) x 10 mm (width) x 10 mm (height)
was fabricated for testing. The specimen dimension was chosen considering the size of the strain
gauge and thickness required to ensure complete strain transfer framesperthe strain gauge,

i.e., a negligible reinforcement effect across the entire temperature range.
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Figure44 EMC specimen with the strain gauge attached fabricated for hydrostatic testing

A strain gauge was attached to the fudlyredspecimen using a higiemperature bonding
adhesive (VPG Mond 610). An adhesive curing profile suggested by the manufacturer (VPG)
was followed to attach the strain gauge to the specimen. The fabricated EMC test specimen with
a strain gauge is shown Figure 44. An instrumentation wire coated with higgmperature
silicone (30 AWG) was soldered onto the lead wires for strain measurement. The specimen was
then inserted into the hydrostatic test chamber for testing.

The strain gauge on aBMC specimen will be subjected to hydrostatic creep loading
(constant pressure) at various temperatures (as high as 250 °C). The strain gauge expands along
with the EMC due to the thermal expansion of EMC. Considering the typical values of coefficient
of thermal expansion (CTE) of EMC, it is expected that the strain gauge will have the maximum
strain of ~0.7%. A strain gauge suitable for the temperature iaBf&C to 250°C and a large

strain range (~ 3%) was selected for tes{MBG: WK-05-062AR-350).

5.3.3.Measurement data
Initial testing was conducted to demonstrate the working on the setup which involved
application of pressure and recording the strain data synchronously using the LABVIEW program.

The tests were conducted at room temperature with a strain gauge attaehkdotvn elastic
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material. The results obtained are showhigure45 (a), where a pressure rate of 5 psi/s (0.03445

MPa/s) was used and tirgiependent measurements were made at two final pressure levels of 450

psi (3.10 MPa) and 900 psi (6.20 MPa).

The strain vs pressure signal during the ramp period is shokigure45 (b). The linear

relationship further confirms that the effect of heat generation was completely negated and this the

strain gauge response was directly proportional to the applied pressure signal. The linear response

was expected as the material wasttaat the room temperature.
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Figure45 Hydrostatic testing at room temperatiir@) pressure and strain as a function of time,
(b) strain vs. pressure (psi) over the linear ramp period.
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domain, the hydrostatic measurements were conductedtime-domain. Due to practicality in

time for measurements and the limitation of the instrumentation system, a single temperature could

not be used to determine the entire master curve due the range-stéileg involved. It was thus

essential to deterime a set of test temperature and times for testing such as to get a near continuous

master cure for bulk modulus.
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The sampling rate of the system was limited to 0.1 seconds (10 Hz) and any changes
smaller than thistime cal e coul dnodt be captured effecti v
longer the time for testing, the more data we acquire on a decade scaleeverolaw of
diminishing returns comes to play when the tiscales become larger as the amount of data
acquired on a single decade can takddl® amount of time on a linear scale. At one point it is
just faster to heat the system to a higher temperatnd accelerate the rate of relaxation to gain
additional data.

Thus, for the current experiment, the maximum time for testing was limited to 350 seconds
(~2.5 decades). Testing beyond this time would be inefficient with the test apparatus as it would
take another 650 seconds to just get additional 0.5 decade of Tatatimetaken to heat the
system to a higher temperature for additional testing is faster and would result in more decades
covered compared to waiting for additional 650 seconds or more to gather data.

A set of shiftfactors { 1¢C and the master curve for Youn
determined through the viscoelastic Youwngds m
factors determined from Youngés modul us woul d
applicable to theudk modulusas well

Thetimes cal e of the Youngds relaxation modul us
temperatures and time for testing such as to get a near contiguous master curve. The glassy and
equilibrium values of00 -0 ¢ &' 0 AndO 1@ uGPa along with the glassy and
rubbery Poissonds ratirod0sg awand| ab@d@ e ™ ypant he | i
estimation was made for the expected glassy and rubbery values of bulk mag¥lys tGPa

andv x 1 GPa.
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Figure46 Raw experimental hydrostatic strain data at various temperatures of testing

Three levels of steadstate pressure were chosen’50 psi (20110°C), 500 psi (110
140°C) and 250 psi (150°C and above) so as to have approximate similar levels of strain across
the all the temperaturedt is to be noted thahese levels were chosen purely based on single
expected value and do not account for the creep. The test was conducted at various temperatures
from 20°C to 200°C. The raw strain data are showFignre46.

As expected, the timdependent behavior was small beloi(below 110°C). Within the
“Y region (110150°C), large timalependent strains were observed indicating large changes in
bulk behavior. Beyond the region (above 150°C), the retardation rate was very fast and the

EMC showed small creep behavior.

5.3.4. Data analysis and compressibility calculations
As discussed previously, when loading (creep) or deformation (stress relaxation) is applied

instantaneously and maintained, the creep compliance or the relaxation modulus can be obtained
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directly from the ratio of the material response to the applied load or strain. For a general time
dependent loading, the material response is governed by the hereditary integral described in Eq.
(71). The hereditary integral has to be solved and fit to the data set to obtain the compressibility
0 0.

Additionally, the data is obtained at various temperajunes theshift-factors { 1 ¢ )
have to be utilized to be able to accelerate or decelerate thedal®s on a leglot for generating
a master curve. The shiftact or s deter mi ned fr omar¥drectygds mo

utilized in the compressibility calculation program.

5341Vi scoel astic Youngo6s modul us measur ement
Viscoel astic Youngd6s modul us measur ements

master curve and the corresponding sfaiftors. Dynamic mechanical analyzer (DMA) is widely

used to characterize viscoelastic properties. A sinusoidal displacement (strain) is applied to a

material sample using a very sensitive displacement sensor, based on linear variable differential

transformer (LVDO') or an optical encoder, and the force (stress) response is measured using a high

resolution loadcell. The phase lagtween the stress and strain governs how viscoelastic a material

behaves.
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Figure47 A photo of EMC specimen mounted on the thpeat bend fixture (TA DMAS8S50) for
viscoelastic testing

Commercially available DMA machines provide versatile operational capabilities. With
advanced user interfaces (Ul) and highly sensitive load cells/ displacement sensors, the
measurements can be completely automated. Yet, some cautions must be exartiggdyf
filled polymers as they can undergo a significant change in modulus over large tempera2ures (1
orders of magnitude). More details on how to conduct measurements accurately for such polymers
are discussed in R4fL1Y.

A multifrequency sweeping test (MFT) was conducted on an EMC specimen of dimension
50 mm x 10 mm x 3 mm. A thrgmint bending fixture was used for the experiment. The
specimen mounted on the fixture is showkigure47. The testing was conducted between 20°C
T 240 °C (10 °C/step) and a frequency range of B51Hz (5 points/decade). The raw storage
modulus data obtained from MFT sweeping is showrrigure 48. The data appears to be
continuous and shows good overlap. A storage modulus master curve was generated by TTS

shifting.
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Figure48 Raw MFT sweeping data of storage moduld=( )i 20°C to 240°C
(10°C/step) and 0:-25 Hz (5 points/decade)

The frequency domain master curve along with the corresponding shift factors are shown

in Figure49 (a) and (b), respectively. The reference temperature for shiftingywas p o jt #
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Figure49 Results of TTS shifting from EMC DMA testirig(a) Storage modulus master
curve and (b) shiffactors ( 1ag) vs. temperature (°C)
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Figure50Timed omai n Youngds relaxd¥Yiomompbdul us
The storage modulus master curve was fitted to the Prony series equation using a non

linear fitting program in MATLAB. The frequency domain Prony series equation is:

1 1
0 0 0o—— 79
T 5T T (79
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whereO are the elastic constants ahdare the relaxation time constants of the Prony equation.
The constant® andt were determined from the fitting. The plot of thidemain master curve

is shown inFigure50where, is the reducedime axis on the logcale.

5.3.4.2.Compressibility calculations

< o
o o
N—r dZ‘
o EO.lS-
? a
4 4
o S
. £ 0.101
@]
@)
—t 0.05+———————————————
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€Y (b)

Hydrostatic Strainrti g
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time (seconds)

(©)

Figure51 lllustration of the optimization program using data at 130{&) Pressure profile data,
(b) Calculated compressibility values and (c) comparison of prediction vs the
experimental hydrostatic strain data with the obtained constants.
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As mentioned previously, the entire temperature testing data set was used to determine
compressibility using the optimization program. The results of the optimization program are
demonstrated ifrigure51 using the data obtained at 130°C. The pressure profile used for load
application is shown ifigure51 (a), and the correspondiiigd values obtained from the fitting
program are shown in (b). The strain valugs 0 were calculated using the obtained
values, and they were compared withthe 0 documented during the experiment in (c).

Similar comparisons of the raw strain data with the prediction using the optimization
program have been shown at various temperature of testiigure52. Excellent correlations
(overall'Y 10 w)@orroborate the effectiveness of the optimization program.

In the next step, the compressibility values are converted to the bulk modulus using the

following convolution integral:

60 tfotQt o (80)

The above integral was solved numerically to determin@ values fromé 0 at a given
temperature. Theé 0 and0 0O values were plotted on the kiigne scale using the shifactors
to get both master curves. The master curvés ofand0 0 are shown ifFigure53(a) and (b),

respectively.
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Figure52 Comparison of the strain data obtained from experiment with the prediction of
strain using the compressibility Prony series obtained from the optimization program
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5.4.Discussions

5.4.1.Repeatability of measurements

Additional supplementary testing was conducted and a new compressibility master curve

The comparison of master curves

edo) Anigissaidwod

obtained from Test 1 vs. Test 2 is showirigure54. Both master curves look reasonably similar

generatedo determine repeatability of the measurements.
which shows the robustness of the developed test setup.

log, (%)

Figure54 Comparison of compressibility obtained from Test 1 vs Test 2
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5.4.2 lteration issue
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Figure55 Comparison of compressibility evaluated for 2 temperatures (130 and 145°C) using
single data sets versus the entire data set.

As discussed previously, one needs to be careful while interpreting the uniqueness of a
system of linear equations. The difference between a solution obtained from global minimum vs.
local minimum has been demonstrated by calculating compressibilitigsvéotemperatures
130°C and 145°C using only single data sets and#).and(76). The compressibilities have
been compared with the solution obtained by fitting all the data sets together. The results of the
two methodologies are shown kigure55. Both methodologies yielded a high- 0.981 using
single data sets and  T®o w gsing all data sets.

It is clearly evident that the compressibilities obtained from single data sets deviate from
the real compressibility values especially in the initial decades. The compressibility values

obtained from single data s etheinitalldecadesasitheapp ar
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optimization program does not have the information for tstedes below 1 seconds and does not
account for any viscoelastic behavior prior to the test time.

Due to this apparent behavior, the overlap also does not look continuous and shape of
compressibility at final decade of 130°C and initial decade of 145°C looks very different. This is
however not a problem when using the entire data set as the salptiorizes for all the time

scales involved between glassy and equilibrium region.
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Chapter 6 Interconversion of ViscoelasticProperties

6.1.Introduction

Commercial numerical tools offer advanced but 4igendly analysis modules, and thus
even engineers and scientists who do not have extensive experience of numerical analyses are able
to simulate almost any kind of electronic packaging products. Ygbrékction accuracy is still
depeneénton the accuracy of the constitutive properties of materials used in the model.

One of the most critical properties is the temperatie@endent viscoelastic properties of
polymers, abundantly used in the advanced packages. Some simplifications and approximations
(e.g., a constant bul k modul ubeen uaed due tosthiea n t F
complexity involved in measuring the required properties. To compensate the simplifications,
commercially available warpage measurement tools such as shmadio& projectionmoiré,
digital image correlation (DIC), etc., have been Eyed, through which the simplified material
properties are adjusted until numerical predictions have reasonably good agreement with
displacement measurements.

In fact, it is not too difficult to find numerous papers in the open literature where authors
claimed that predictions agreed very well with measurements in spite of missing pr¢petlies
116119. Unfortunately, the fAadjustedo model s of
different package architectures using the same polymer materials are to be analyzed. This will be
referred to-deapendeohdDt enotded ¢ mobel that worksforche f i ne
specific packaging design but does not work f

If accurate material properties are employed, however, the prediction accuracy should remain the
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same regardless of the package architectures.
based model 0.

It is rather obvious from the viscoelastic constitutive equations implemented in the
commercialnumerical tools, the master curves of shear and bulk moduli and the shift factors are
required. Youngdés modul us QA areroutinely measareda n d t
using a dynamic mechanical analyzer (DMA), but not the other propeff@s.is the issue we
address in thishapter.

This chapter first reviews some basic viscoelastic fundamentals and discusses the common
simplications/assumptions made in current practice of linear viscoelasticity (LVE) for FEM
modeling. The calculation dD&HY and 0 fYfrom the viscoelastic
'O oi'Yhobtained from DMA testing, under the assumptions together with the critical implications
of the assumptions is discussed. Using the property measurements from Chapter 4, specifically,
(1) measurement @ OR'Y using DMA, (2) determination af oi'Y from measured hydrostatic

testing data, shear relaxation modwi® 'Y has been calculated.

6.2.Background and Assumption made in current practice

The constitutive laws of linear viscoelasticity are writteflds3 120 :

. TQ T,
i 0 ¢ 0o ft TTQT
(81)
. C T- 1,
, O o vo ft TTQT
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wherei ,, HQ and- are deviatoric stress, volumetric stress, deviatoric strain and volumetric

strain tensors respectively)O0 andu 0 are the timedependent shear modulus and bulk
modulus, respectively.

The correspondence principle represents the-tioreain viscoelastic equations in Laplace
domain. Due to the nature of the equations, the Laplace domain equations of linear viscoelasticity
resemble elastic equations which can simplify the solutions tprtdi#ems. The two constants,
‘Oand’ have the following relationship with the other two const&Bémdu in Laplace domain
as follows[42]:

o~ Oi - O
Ol ——Ip 1 —_—
Cp tue op dqloel

(82

In the above equation, the viscoelastic constan®@o6h 0 , "00 and 0 6 have their

corresponding representations in Laplace domain@d héi ROi anii, respecti vel
Conversions from the timdomain to Laplace domain is usually simple. However,

converting back from the Laplace domain to the time domain requires complex integral functions

and involves computationally heavy numerical solutions. Thus, for practicabgas;pmost

viscoelastic problems are solved in thash@main directly using commercial FEM tools.

6.2.1.Assumptions and simplications used in the current practice of viscoelastic modeling

Measur ement of temperature depe®d¥ nst Vi sc
routinely conducted using commercially available machines like dynamic mechanical analyzer
(DMA) or universal tensile testing machine (UTTM). However, other temperdependent

viscoelastic properties are much more difficult to measure.
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Some assumptions are needed to be able to conduct a viscoelastic analysis with only
viscoelastic Youngds modul us the raaster cuovesesheari a | F

and bulk moduli and the shift factors.

6.2.1.1.Use of f <« Prony series fory <and constant bulk modulus- L

One of the most widely used assumptions in the community is that the Prony terms for the
shear modulus master curvéODo f ol | ow t he Prony ter aA@o[lllpr t he
116118 121, 127. Under this assumpti on, using the g
at room temperature) hthe master curve f60 0 is calculated as follows:

00 Cpo—o (83

This assumption origi nat Ret[4] whzhstaténtlaube® 6 s r ev i
and"00 undergo glass transition over similar timeales whil@) 0 transition is shorter than
‘O 0 or"00 8 The bulk modulus is assumed to be constant which is calculated from the

Poi ssonrbandagiassy YoQastplows: modul us

0 o (84)
op ¢

110



W 20 : :
E ,,,E, - G(t)‘based‘ on E{f) pror;y series assﬁmptioﬁ _-J ! ! ! ! ! ! ! ! !
—_ | Shear modulus master curve - G(t) — 7 Faie Sl e
5‘_" 8 4--- . . ; ; ) ; ; ; ; pf | | : ’ ! : : i | |
z O G, 154 et R ey
S S’ ' ! 1 ' ! 1 1 ! '
© N I N S S U SO 0 W S B
1 L T T e A e
E 5 10-== Bulk modulus - K, oy T
v ] t— = Bulk modulus - K. ; 3 :
3] 3 | Bulk modulus master curve - K@\ """ % " T T
% A7 T T T T T h I
< < .
2 2 S S : 777777777
0 At 0 At ‘.
0 5 10 15 20 25 0 5 10 15 20 25
log,,($) (a.u) log,,(4) (au)
(@ (®)

Figure56 Comparison of redD6 and0 0 master curves with the master curves obtained
using the assumptions

Using the real0Od and0 O obtained from the experimental data, a comparison between
the"O0 obtained from Eq(83) andvu obtained from Eq(84) are made. The comparison is
shown inFigure56. The (a) shows comparison betwé@m calculated using the assumption and
real’'O0 8 They seem to agree reasonably well confirming that the assumption made here by
Knauss was reasonable.

However, in (b) it can be clearly seen thatb changes significantly over the glass
transition region and the assumptiondofdoes not work well. Assuming a constant also
causes another issue, the Poissond6s ratio of

which makes the apparent material behavior nearly incompressible.

This has been illustrated Figure57 by calculating 0 from theOd and0 obtained

from the assumption.
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6.2.1.2.Determination of; «andl «master curves assuming const
h

Anot her common practice (less widely wused)
ratio (i.e., timet e mper at ur e Ai ndepEIpda3dn tUoderfhe assusnption) s r at

"00 and0 0 required for FEM modeling, can be determined fiond simply by:

o Oi . 0o
i 0f ————p— 00 —
¢ p ity <P
(89
- Ol C 0o
o0 5 00 ——
op ity op ¢
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Figure5800 and0 6 master curves calcul at’edmdusiged on
Eq.(85)

The master curves 30 andv 0 calculated using Eq85) are illustrated irfFigure58,
whereO 0 is determined by DMA and is assumed to be 0.3. It is important to note that the
calculatedO0 and0 O are proportionally scaled wit® 6 simply because of the constant value
of ' . This largerelaxationin 0 0 isunrealisticand consequentlythe volumetric deformations

can be overestimated significantihenthe temperatures crog region.

6.3. Interconversion of ViscoelasticProperties from Governing Equations

As discussed previously, for FEM modeling two sets of master curves i.e. shear relaxation
modulus- "O0 and bulk relaxation modulug) 0 are required. In Chapter 4, tiedo andv 0
were measured. A set of hereditary and convolution integrals is required to convert the viscoelastic

functions to obtain théD 0 . Vi scoelastic Poissonb6s rati o ma
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determine how the Poissonbdbs ratio evolves i

for interconversion had been discussed and the master curves calculated.

6.3.1. Calculation of shear relaxation modulus- 1 < from  <and L «

Usingthei Youngds r el aatand bulk relaxdtiod mogulusy o), the

shear relaxation modulu¥)0 ) can be calculated. The equations in Laplace domain are as follows:

o0 i Oi
¢ — (86)

w i Oi
whereO i ,"di and0 i are Laplace transforms @ 6 HO0 and0 O respectively.
By simplifying the equations and taking an inverse Laplace transform, it gives the

following equations to obtain shear modulus in tidoenain:

b0 006 260
o
00 tOt o
(87)
06 tOt o

bo t6t o

whered 0 HO 6 andv 0 are the creep compliances for the viscoelastic functian hO 6
and"O0 respectively.
To determine the shear modulus master curve, the uniaxial creep complianceeds

to be first evaluated frof® 0 by solving the convolution integrald 0 calculated from the
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hydrostatic data an@® o6 fthe timedependent shear creep compliance is calculaigd. Finally,

the shear creep compliance is converteé®t using the convolution integral.

6.32.Cal cul ation of vi s<hoeflormgandtRoi ssonds ratio
The Poissonds r atli pcanibaexpressed imterms®@él amda i n  (

as follows:

(89)
’ Il—i —
Thetimed omai n vi scoel as b can bePlotainedsby taking therirvdrsie o

Laplace transform of above equation to get the following equation:

. P .1 060 T,
: z Ot ———0Q 89
o) . T T t (89)

The hereditary integral, can be solved numerically using the mea@uedndd 0 to get the
viscoel astic Poissonbds ratio master curve.

Using Eq.(87)and(89), the master curves fd®0 andv 0 were calculated. The master
curves forO 6 h0 o, and’O6 are shown irFigure59t oget her with -tbde Poi s

The two sets of Aauthentic materi al basedo pr
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Chapter 7 Characterization of Cure-extentDependent Viscoelastic

Behavior

7.1. Theoretical Background: Cure-dependent Viscoelasticity

For a fully-cured polymer, the relaxation modulus (represented hesthdgrmodulus-

"Odi'Y) can be expressed using Prony series as follows:

oY O OA @b VT
(90
oaiy © dy o QAOD
'O O w Yt

where 'O and "O are equilibrium modulus and glassy modulus, respectiv€lyare the
normalized Maxwell constants arfidare therelaxation time constants of a polymer.
For a partiallycured polymer, the relaxation modulus is eargent dependentFor a

partially-cured polymer with curextent ), the viscoelastic function can be written[@4]:

e s s 0
(CHY

0o 0 N ‘ 0

"0 0 1 i T

where"O 1) is cureextent dependent equilibrium modulii&r, andt n are cureextent
dependent normalized Maxwell constants and relaxation time constant, respectively. Further

simplification to Eq(91) can be made based on theoretical framework developed by Adolf et. al.,

in Ref.[71].
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A schematic illustration of the relaxation modulus at various cure extents is shown in
Figure60. The figure shows representative relaxation moduli at three cure exients] n .
The polymer relaxes slower for higheure extents, while the equilibrium modult® 1)
increases as it cure#t. has been known thateé magnitude ofjlassy modulus"O is independent

of cureextent[70, 124].

Gocn (pl)

Gocn (pZ)

@ Gocn (pB)

P1 > P2 > P3

» logt

Figure60 A schematic illustration relaxation modulus at various -@xtents

7.1.1.Cure-rheological simplicity (CRS)

During the curing process, the polymers being cured undergo crosslinking process through
chemical reactions. This has been illustrateBigure 61 which shows a schematic of how the
polymer clusters grow in size during the curing process. The polymer clusters in toetiezdr
gelregionare geometrically seimilar, a change in the extent of cure results in a mere change in

scale; clusters become largengacrease$71].
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This increase in cluster sizes has two consequén@@sncrease irequilibrium modulus
('O n ) and (2) increase in relaxation time. This provideschricalrationale for an assumption
that no change in relaxation mechanism occurs with-exrent,i.e., cureextent only affects the
rate of the behavidr Curerheological simplicity (CRS).The implication of this assumption is
that the cureextent dependent normalized Maxwell constarfisr) shown in Eq(91) can be

assumed to be constant iiadependendf cure extent Q n =~ Q.

P2 p3

v &
g

Figure61A schematic illustrating crosslinking process in a polymer during cujing § 1

[129
The equation simplifies to tHellowing based on the CRS assumption

ST o~ o s . 0

The relaxation modulcan benormalizedusing™O and™O 1) . The normalized master curves

have similar shapes but are shifted onitheC scale due to different relaxation times.

7.1.1.1.Time-cure superposition (TCS)
A second implication of the CRS assumption gives us-tinre superposition (TCS). TCS
states that the viscoelastic functions at different cure extents should super impose provided

appropriate horizontal shifgg 1¢&C 1) ) on thel | ¢Cscale This is illustrated irFigure62 (c).
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Similar to the shifffactors in TTS, the horizontal shift change, (caused by the increase in cluster
sizes), can be expressed by redefining a relaxation time (larger clusters relax more stowly).

(92) can be simplified further based on the sfafttors to the following equatidii4]:

oM O/ O 'On  QA@D (93)

w nt

1.0

P3 P2 P1

log a,s

log a,,

\ logt
0.0

Figure62 Horizontal shifting of the normalized master curves (shape functions) éniti€scale
using timecure superposition (TCS)

»
Ll

7.1.1.2.Evolution of equilibrium moduli during curing

The equilibrium moduli as a function of cure extent must be known. Attempts to explain
the gel formation and evolution of equilibrium modulus have been made using the Mean Field
Theory[64] and the percolation theo[g5].

Percolation theory is a simple way to predict the strength of polymers as a function of
crosslink density. The theory has been well established in the polymer community and was

originally applied in Ref[70] in an attempt to describe evolution of equilibrium shear modulus
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"0 n for atwopart epoxy (DGEBA/DEA) systemTheshearequilibrium modulus evolution of

a two-part systenusingpercolation theorgan beexpressed d90]:

©on O LI ‘n (99
PN

where"O is the equilibrium shear modulus of fultpred polymerry is the gelpoint of the

polymer anct is the evolution component.he evolutiorcomponent wadeterminedo be¢
yifo for the twopart epoxy (DGEBA/DEA system The evolution component neetb be

determined experimentally for the EMC being tested

7.2.Background and Motivation

There have been attempitsmeasureuredependent viscoelastic properties of polymers
(EMC and unfilled thermosets)This section describes shortcomiragel insufficient accuracies

in the reported data

7.2.1.Cure-dependent viscoelastic measurements of EMC

There have been attempts to measure-dapendent viscoelastic properties of EMC in
Ref.[14, 49,57, 75, 11(. Although different EMCsvereused across the papers, the measurement
methodology was commonThe papers attempted to measure two sets of propéersbasar
modulus and bulk modulus to determine viscoelastic behavior of EMC as a function of cure extent.

For bulk modulus measurements, a Rgyhssure dilatometer/-¥-T (pressuresolume
temperature) machine described in section 5.1.1 was used. It was assumed that the bulk modulus
does not change with cuextent and the measurements were only conducteal faty-cured

specimen. This is fundamentally incorrect, as it is well knownwthanthe material crosses the

121



gelpoint, it transitions from a liquid state to a solid state. The bulk modulus transitions from
incompressible( © H) state to a compressible materialfinite) gradually as the material cures.

A P-V-T setupsimilar to the schematic diagram shown Rigure 35 was used for
measurementAn EMC coupon was inserted in the chamber and a pressure level from 10 MPa
100 MPa was applied at various temperatures to determine volume change as a function of

temperature and pressure. The results of the compressibility tests are skayumar63.
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Figure63 Volume change of fulhicured EMC in different temperature and pressure fgrP
measuremerjtL4]
Using t he Thownid Eq.(56)gthedempecaturdependent compressibility
0 "Y and bulk modulusv “Y were calculated. As describbefore the equations of state have
been obtained independent of time and do not considerdi@pendent behavior. Hence, bulk
modulus determirgewas both cure and tirmadependent.
For the second viscoelastic property measurement, a custom shear test setup was used to
measure curedependent viscoelastic shear behavior of EMC. A schematic for the setup is shown
in Figure64. Two identical fieartestspecimens (partiallgured are mounted mthefixture and

were subjected to mulfrequency temperature sweeping (MFT) tests.
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The shear tool was originally developed in R&26]. The tool was developed to provide
reliable results for shear modulus measurements for materials with shear moduli lower than 200
MPa[126. This is because, the tool uses a correction factor while determining the shear moduli
from the experimental results. Howeveg tiesultsshowedsignificant deviations (over 10%) for
shear moduli of magnitude 200 MPa or more based on the analysis conducted in the paper. Itis
clear from the experimental results that the shear mod(itilbf-cured)EMC tested changes from
about 2520 MPa (glassy) to40 MPa (rubbery) over the duration of tests which implies

measuremenincertaintiespecifically in the glassy region.

Gap for sample Fixed
parts
b | / \ »/k N
7%
Moving
shaft
VAN

Figure64 Schematic of the shear clamps used for EMC te§lidlg

Several temperature ramps were conducted exceéding of the partially cured material
(shown inFigure65). This was done to determiri  and obtain the equilibrium modulus

"0 n of the polymer at various cure extents
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Figure65 Temperature profile and measured stiffness values during various ramping
testing for different degrees of cure.

Considering the range of frequencies appli€ti32 Hz to 60 Hz, imustat leastseveral
minutes to run a frequency sweep at a particular temperadtuaeldition, the temperatures during
each ramp exceedéd r) . Extracuring during testing should ndie ignored Yet, the curing
during the testing where the material excéatl§ was not mentioned or discussed.

The storage modulus master curves obtained from testing are shéwguia66. Here,
the last point in each master cuwasused as the equilibrium moduli® 1 . The isocure state
was not maintained as the test temperatures excé€€dgd Both relaxation and curing rates are

significantabove”Y. The"O 1 determined for that specific cure exteeemsncorrect.
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Figure66 Storage modulus master curves at various cure extents

The extra curing during testing is even more evident in normalized overlapped master
curves shown ifrigure67. There is an initial good overlap in the glassy region indicating that the
data was measured consistently in isocure stais.evident thathe overlapdoes not loolgood
in the"Y region whichhave been attributed to the extraring during testing. Additionally,
rubbery plateais not clearly visible at the end of master curirefact,in some casean increase

in the modulus can be clearly sdeed and green lines)
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Figure68 Shift-factor related to shear modulus master curves

The authors attempted to claim that the overlap ofdapendent master curves is evident

when the master curves are constructed u&hg “Y | as the reference temperatur&€he

results of shiftingare showrin Figure68 with x-axis as’Y “Yand yaxis ad 1dC It is again
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evident that the overlap is excelleonly in the glassy regionHowever, once the material
temperature crosséy, there are significant deviatism the shift factors and no justification or
reasoningwas provided for these deviationshile simply claimingt h a t they foverl
shifting criteria used does not hasefficient technical justification either theoretically or

experimentdy.
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P G, = 33.2MPa >
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Figure69 Curedependency of the shear rubbery plateau. Fittings are based on Martin
and Adolf theory.
As mentioned previously, an attempt to determine equilibrium modulus was made based
on the end point of the ramp shownRigure 66 which had significant uncertaintiedue to the

reasons provided above.

0f "0 ‘
p N

Martin and Adol f-Based malel evaslused forocampdrisoe with yhe
obtain experimental data. Although the theepgstechnically sound, the exponent was obtained

for a DGEBA/DEA based twgpart epoxy system (soft unfilled thermoset polymar) (ifo.
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This exponent was assumed to be same for the filled thermoset (EMC) that was tested.
Additionally, it was assumed that the is 0.5 with no experimental evidence or technical
rationale provided for it. An evolution model based on irexirparameter&/as constructed to
compare with incorrect equilibrium modul us d.

experiment are matching well.

7.2.2.Cure-dependent viscoelastic measurements ohfilled thermosets

More recently Saseendran et.db9, 76, 80] attempted to measure ctggtent dependent
viscoelastic properties of an unfilled thermoset-praot epoxy system (LY5052/HY50552 epoxy
resin). The authors chose an unfilled thermoset system like Adolf ¢7Ghl(who developed the
theory for curedependent viscoelassbheatbehavioj and attempted to extend it for other property
measurementsYoungo6s modul us and Poissonds ratio.
section to measure cuextent dependeniscoelasticYoungés modul us.

Partially-cured epoxy specimens were subjected to uniaxial testing using MFT sweeping
to determine Youngds modulus master curves of

authors exceeded tf¥ ) of the material during the sweeping test while determining the master
curves. The paper utilized dual shift methodologye. determination of both curextent
dependent shiffactors (0 1 ) and temperaturdependent shiffactors (o “Y) of partially cured
EMC to generate one super master curve

The results of the MFT sweepimadter TTS shifting and TCShifting are shown ifrigure
70 (a) and (b)respectively The master curves show reasonable overlap in the glag®n;
however, the overlap is nasgood as the material transitions into glass transition regibich

may be attributed textracuringand inaccuracies in calculation of equilibrium moduli.
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Figure70 (a) Master curves at various cure states referenced at a test temperature of 23°C,
(b)supermaster curve generated bgrmalizing andhorizontally shifting the data in
(a)[80]

The equilibrium modulus was determined using the lowest point in the master curve. The

evolution model equation with evolution component of yifo was used for comparison with the
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A comparison of the fitting to the experimental data is showfrigure 71. Large

deviations between the model and the experimental data can be clearly se@iso wortimoting

thatusing another evolution model would also produce erroneous rastiesequilibrium moduli

measurements have large uncertainties due to curing and testing béydnide material.
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Figure71 Experimental values of equilibrium modulus vs. Adolf and Martin m{@@l

Saseendran et.also attempted to measure calependentiscoelastid® o i s sabofd s

the epoxy systerfv €. To

second curel e pendent
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modulus. This paper also provided a theoretical justification for assuming both temperature

dependent and cuaependent shiftactors to be a universal properiyhich can be applied to all

viscoelastic functiongusing constitutive equations
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A strain gauge was attached to the specimen to determine transverse 3tna@inssues
associated with reinforcement effect have no
partially-cured material is very small (~10 MPa), it is very difficult to negate the issue of
reinforcement without using a very large specimeh.long term (24 hours-p 1t secondp
relaxation test was conductatl room temperaturky applying a constant longitudinal strain of
0.5% and the transverse strain was recorded as a function of time. The results of the tests are
shown inFigure72. Looking closely at the data shows issues, specifically the large differences in
magni tude and trend of Poi s diferedceof onla-t1%.0flheb e h av i
data obtained at 100 second and 1000 second was plotted (shé&iguria73 (a) and (b)) to
conclude that Poi ssono6s rAdditionally, dvendrougle theitasting t ¢ u |
was conducted in the glassy region, the duration of the test is very long ~24 hrs. The expected
amount of change in cure extent under diffusion control conditions has not been considered or

discussed.
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Figure72Poi ssonds ratio from stress rel §7§lati on t
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The timedomain data was converted to frequency domain usieg Christensen
approximation. The reason for this is unclear as all the viscoelastic analysis is typically done in
the timedomain. Use of approximate conversion introduces additional uncertainties in the data
associated with numerical errors from conversidgnmaster curves shown inFigure74. The
master curvehas several gaps and does not follow a general increasing itrdivating
inaccuracies and uncertainties in the measured dal@itionally, it was not possible to determine

theequi I i brium Poissonébds rati o "¥§ ofitheepoxyest t e mp
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7.3.Proposed Method

It is clear that to be able to conduct cartent dependent viscoelastic analysis, following
properties need to be measured experimeritally
(1) Equilibrium modui as a function of cure extent
(2) Curedependent shiftactors- @ n
Measurement of each set of properties is challengimgjeach measurement pssnique
challenges for which different experiments have to be desighection 73.1and 73.2 discusses
proposed methodologies and challenges to determine equilibrium moduli anéxtame

dependent shHtactors, respectively.

7.3.1.Proposed equilibrium moduli measuremeniprocedure
It is necessary to measure the evolution of equilibrium moduli as a function of cure extent
to be able to determine cudependent viscoelastic behavior of the EMC. As described before,

two sets of viscoelastic properties are required to be able tolwkestscoelastic behavior of a
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material completely. In this thesis two sets of equilibrium modelie measured Young o6 s
equilibrium moduli’® 1 ) and bulk equilibrium modukiv 1 8

The main challenge for the measurement that involves a pactialkd EMC is that the
relaxation and cure of the EMC occurs simultaneously. Equilibrium moduli can only be
determined when EMC relaxes completely. The complete relaxation can be achievetyab
where the curingate is also high. A special measurement procedure needs to be developed,

through which the EMC moduli aboV¥ can be determined quickly at a near isocure state. To be

able to determine temperatures for testiily for various cure extents, it is first necessary to
understand the evolution of cudependent glass transition temperatiyte) during curing. The
“Y 1 of the EMC at various cure extents was determined first using differential scanning

calorimeter (DSC)n section 74.1.

Next, it was necessary to understand the gel pgint)(of the material to be ensure that
the viscoelastic testing is conducted abdgye . Additionally,  is also required in
determination of the evolution equation. The-geint was determined using dielectrometry
described in section4.2.

To establish a temperature to be used for testing partiatlyd specimens, the test
temperature”Y  should be sufficiently above tfi¥ r) of the partiallycured EMC being tested.

The procedures tohoosetest temperature and the experiment to determine equilibrium moduli
without extra curings described in section4/3.

Finally, an evolution model needs to be fit to the experimental data to describe the behavior
as a function of cure extent. The evolution equation showiqin(94) was used to describe
evolution of shear equilibrium moduli in a thermoset during curing. Similar calculations can be

done for other viscoelastic functions as shown below.
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For a general viscoelastic function , the evolution of the equilibrium value ( ) is
directly proportional tor} n (in a twopart epoxy system). The equilibrium viscoelastic

function can be expressed as:

toon °n N
. 96
1 rl 1 r] r] ( )
! ! p N
where! and! are the values of the function at fultyred state and gel point, respectively.

The individual evolution equations for the measured equilibrium moduli are shown in section 7.3.4

and fitted to the measured experimental data.

7.3.2.Proposed curedependent shift factor measuremenprocedure

It is necessary to measure caiependent shiffactors (0 1) ) to be able to determine
curedependent viscoelastic behavior of the EMtGrarious cure extents. The main challenge is
that the measurements need to be conducted at low temperétures (Y 1} ) while ensuring
that the EMC is in a near isocure state during the test. Although the temperatures for testing are
lower thanY f) hREMC still undergoes curing in the diffusimontrolled regime. Due to long
duration of testing required, the amount of curing cannot be ignored. It is thus necessary to first
determine cure kinetics of EMC in the diffusioantrolled region. The procedu and
methodology to determine diffusiarontrolled cure kinetics of EMC is described in sectidnl?.

To measure curdependent shiffactors for EMC( 1 ), several partialhcured samples
with known extent of cure were subjected to viscoelastic teslihg.testing was conducted using

multi-frequency temperature sweeping (MFT) on a DMA machine. The testing was conducted at
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temperature below or nedr n of the material to ensure that the reaction rate is slow uhder
diffusion control.

The amount oéxtracuring during the testing waeterminedising the diffusion kinetigs
and it was ensured that the material was in a near isocuresstate §. The master curves were
shifted to determine cw@ependent shiffactors (0 1 ). The procedure for the partialbured

viscoelastic testing and the methodology to determaing is described in section¥2.

7.4.Equilibrium Moduli Measurements

7.4.1.Measurement of{|] == using DSC

Glass transition temperaturéy(r) ) governs when the mechanical behavior of material
transition from glassy region to rubber region. The polymer exhibits large time and temperature
dependent behavior as it transitions oer 8 The equilibrium moduli can only be determined
accurately and in realistic tirecales only if the test temperature is above) . “Y 1) is

measured with a differential scanning calorimeter (DSC) using the padiakyl EMC with a

known cure extent.
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Figure75 Temperature profile followed in DSC to determiier) of the material

The temperature profile used to deterniivia) is illustrated inFigure75.. An uncured

EMC sample was first partially cured for a known amount of time (3, 5, 10 min etc.), indicated by

step (ab-c). The partially cured specimens were rapidly cooled@C (cd). Finally, EMC was

heated at a linear temperature ramp rate of 10°C/rifin({9 to measure the residual heat released

to determine uncured exteri 1 and (2) to determine thi& n of EMC.

The heat flow rate measured during the dynamic ramping stdges @own inFigure76.

The"Y n is determined by measuring the mpidint of the specific heat capacity { transition

during the ramping stage. It is clear from the plots'tiiaj increases with the increasing cure

extent during the isothermal curing step.
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Figure76 Heat flow rate vs Temperature during dynamic ramping of partially cured
specimens at various cure extents

The values ofY ] are plotted as a function of cuegtent, they are fitted to the

DiBenedetto (DB) equatiofl27]:

vy =r‘1
Yo Y PP _N

Yocaw (@7
Y pomds
_ Xy

where’Y and”Y are glass transition temperature of uncured and-ulhgd EMC respectively.
A comparison of the DiBenedetto fitting with the experimentally measure data is shBigniia

77. ltis clear from the figure that the data agrees very well with the fitting.
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Figure77 Evolution of glass transition temperaturéY r} during curing

7.4.2.Measurement of gel point iap _ »

Dielectrometry isone of the methods ttetermine the gel point of thermosetting polymers
[128. In dielectrometrythe movement of the dipoles and ions in the polyimenonitored by
measuring the impedana®) (of the systemand the gel point can be detected based on the changes
of the movement during the curing. A dielectric sensor was used to determine the gel point of
carbon fiber epoxy composite materig29. The sensor is shownkigure78(a). The dielectric
sensor consists of two long copper electrodes with opposite polarity and a base film made of a
polyimide film. For the measurement, the sensor is embedded in composite materials, and the
composite forms a capacitor. The compositeeniat can be modeled as a parallel circuit of

resistancéY and capacitance , as illustrated ifFigure78(b) [129.
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Figure78 (a) Dielectric sensor, (b) equivalent electrical circuit model for polymer mat&agl.

The dissipation factdD for the equivalent circuit can be defined by the following equation

[130:

‘Ow
‘0w

P

TV B (98)

o 2 o o
O 0 ®
wherel is the electric curreng is the equivalent impedana®, is the alternating voltage with an
angular frequency applied to the circuitR is the resistance, ard is the capacitance of the
equivalent circuit modelD represents a ratio between the amount of energy |083es(ised by

the movements of dipoles and ions and the energy supplied to the@MCJ1], and it is related
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to the degree of movemefi29. In the application,raR-L-C meterwith 1 kHz frequency was

used, and dissipatio@ and the rate of dissipation factd® (FQ  were monitored during the
curing process of the epoxy resin. When the polymer is heated, the viscosity gets loves and
expected to be the maximum when the viscosity of the epoxy resin is the lowest. As the extent of
cure increases, the viscosity increases, @sthrts dropping. At the gel point, the dissipation

factor decreases very quickly, and the point wit2i@Q decomes the minimum indicates the gel

point of the polymef129.

The measurement result of viscosiy, andQ @Q auring the heating at the rate of

3 °C/min is shown irFigure 79 (a) and (b), respectivelyThe gelation region was determined

based on t he

viscosity was the lowest, while FQ @t the gel point became the minimum becddskecreased

quickly near the gel point.
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Figure79. Experimental results of (& and viscosity, and (K @Q @nd viscosity
during the curing proce$$29

7.4.3.Gel point determination of EMC

In this work, he gel point of the EMC is determined by using the dielectrometry. The
configuration of themeasuremergetup is shown ifrigure 80. In the sensor, copper lines are
printedon the dielectric sheet like shownkigure80 (a) with a pitch of 0.1 mm.The other side
of the sensor is connected to the LCR meter, and the measured dissipation factor is recorded by a
PC.

For the EMC measurement, the EM&eds to uniformly cover th&ensing part of the
dielectric sensor, like illustrated Figure80 (b). For the gel point determination, the EMC needs
to be heatetb the cure temperaturéY( ) so that the EMC powder melts and covers the sensor
uniformly. The sensais directly kept orthe conduction heater (HCP304SC: INSTEC). The EMC
pellet is then crushed intopmwder form, and a Kapton mold is made to contain the EMC during

the measuremen A thermocouple is placed right next to the dielectric sensondwitor the
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temperature continuously during curingn insulation box is used to cover the setup to maintain
uniform temperature over the sensing region.

The frequency of the LCR meter is set to 100 Hz, and the dissipation factor is monitored
continuously. The setup fisst preheated to 80°C before the measurement starts. The preheating
step is used to soften the EMC such that it can spread uniformly over the sensor. At this
temperature, the amount of curing can be considered negligifple @ P. At the preheating
temperature, the EMC is soft but very viscous. A gentle pressure using a plunger is applied to
uniformly spread the EMC over the sensing region.

The setups thenheated to the cure temperature at 130°C, and the temperature maintained.
The temperature profile with the linear temperature increase was initially considered, but it was

not chosen because the temperature dependent dissipation factor of tiveaEMiServed.

Gap:  Line width:
0.1mm  0.1mm

LCR Meter

(@
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Figure80. lllustration of the (a) dielectric sensor and electrozainectiorand(b)
measurement setup.

The dissipation factor measurement result is shoviagare81. After the EMC is loaded,
‘Oincreases as the viscosity of the EMC gets lower while heating. As the curing starts occurring,
the viscosity of the increases, dddlecreases after reaching its pedke EMC is still in liquid
state when the cure temperature is reached. This is done to ensure that the gel point measurement
is done under isothermal conditiofi¥ ( ) to avoid any effects of temperatestependen®O.

One the EMC reaches th¥ the curing occurs continuously ai@ldecreases very
quickly due to increase in viscosity (or reduction in mobility of iond)e §el point isletermined

whereQ @Q decomes the minimum, as marked-igure81(b).
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Figure81. Result of the dissipation factor measurement, (a) dissipation factor and temperature, (b)

rate of the dissipation factor change as a function of time.
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The cure kinetics determined previous had to be tsdétermine the gel point based on
the dielectrometryresult. The extent of cure at the gel point was determined based on the
temperature profile recorded using the thermocouple (showigire81 (a) with red line). The
cure extent as a function of time is also showRigure81 (b). The gel point is defined as the

minimum of theQ ‘@Q pwhich is determined to bg ™ Y. X

7.4.4.Experimentsto measure the equilibrium moduli

To establish a temperature to be used for testing partiatyd specimenghe test
temperature’Y should be sufficiently above tfi¥ 1 of the partiallycured EMC being tested
If the test temperature is sufficiently highe equilibrium moduluszan simply be measured by
conducting monotonic testing and by taking a slope o$titess vs. strain curve.

The testing temperatures for the equilibrium moduli measurements were chosen based on
the”Y n of the partiallycuredEMC determined in previous sectiorThe testing temperature
("Y  were chosen such that the difference betweeritheand”Y | was at least 40°C to
ensure complete relaxation.

Two sets of temperature were chosen based on degree of cure of the jrantéllynaterial
- T to 0.7, the test temperature was chosen to be 120°C and fowx 0 §@dthe test
temperature was chosen to be 150°F .testing time of 10 seconds was chosen such that the
specimen curing was minimal during the measurement such as to maintain a near isocure state.

A summary of expected change in cure extent along with the glass transition temperature
of the partially cured EMC is shownTrable5. It can be seen that the maximum expected change
in cure extent at 150°C is about ~1% (near isocure state) while the minimum difference between

“Y and’Y 1| is largerthan 40°C ensuring complete relaxation.
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Table5 Summary of change in cure extest)f over 10 seconds aritf ) of the EMC at
various cure extents and proposed measurement temperatures.

Prest Tiest Ap T,(p)
0.5 120°C 0.0072 53.5°C
0.6 120°C 0.0063 62.8°C
0.7 120°C 0.0051 74.3°C
0.8 150°C 0.011 89.8°C
0.9 150°C 0.008 107.5°C

The partially-cured specimen and tlthambershould not béneatedtogetherabove™Y of
the materialsimply because extra curing while being heated to the test temperature is too excessive
To mitigate this issue, the test chambers were heated to the testing temperature prior to inserting
the sample. The samples were inserted just before the test was conducted igremabte exra
curing

ForYoung6s e qguii nmaasuremestian sampledwith dimensioof 20 mm x7
mm x 2.5 mm was fabricated and mounted on the fixture once the system was at the test
temperature. The sample inserted in DMA machine required 1.2 minutes (~70 seconds) to heat
from room temperature the target temperature at 150°C and stabilize coynpldtelamount of
curing estimated during the heating was almyt 18t v.u This additional cure extent was
included in the calculations while determining cure extent at the time of testing.

Theloading was applied using displacement controllindar displacememtte 0f0.002
mm/s was applied for 10 seconds and the forceeftection data was recorded. A plot of force
vs. deflectiondata and the corresponding stresssttsin dataareshown inFigure82 (a) and (b),
respectively. The slope of the curves was obtained using linear fitting to determie the

The results oD 1) are shown irFigure84 (black scatter plot)The'Y for each fit were

greater than 0.99 indicating that the lines are linear and there is minimal viscoelastic behavior
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causing nonlinearity.The plot clearly shows an increas€On 1) with cure extent, the modulus

increasesharply after) T&. TheO (atfp p was determined previous during fultyired

Youngo6s moduli tests.

1o p=0609] "t

Force (N)

o
0.0 f i f 1 0.00 ~ f t t T f
0.000 0.004 0.008 0.012 0.016 0.020 0.00 0.02 0.04 0.06 0.08 0.10 0.12
Deflection (mm) Strain (%)
(@ (b)

Figure 82 Results of mnotonic testing dataising DMA for Y o u n gqgdilgrium

modulus
measuremenfs (a)Force vs deflection datand (b)Stress vs Strain data

e B 0.30 T R
o p=0.690 p----i--i---k-- - p=0.690}4---d--domcbogeb b
02544 ° P=0765 1 0254 @ P-0785.
- s p=0.821 p=0.821| | i
B - p=0.878/ 1
020 go_zo- T et S
=S g
(.15 L 0.15 4
5 =
2 2
& 0.10 1 £ 0.104
0.05 1- 0.05 4--
0.00 i i — 0.00 i i i i i
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007
Output Voltage Signal (Strain) Volumetric Strain (&,)
(a) (b)

Figure 83 Results of monotonic testing data using hydrostatic test setup for bulk equilibrium

modulus measuremeritga) Pressure vs. output voltage strain signal and, (b) pressure
Vs volumetric strain.
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For bulk equilibrium moduli measuremendssample size of 15 mm x 10 mm x 6 mm was
fabricatedand inserted into the chamber once the system whstarget temperature. A swivel
type joint was used for attaching the compression sealing unit to the chamber. Swivel joints can
rotate freely before locking which allowéal quicklocking without twisting thenstrumentation
wires.

After the specimen was sealed inside the system, it took al@&@unihutes {30seconds)
to heat the sample from room temperature to the target tempeddtdfs0°C and stabilize
completely The total amount of curing expected was estimated to be afjoutr TT.@This
additionalchange in cure extent was included while determining the cure extent during the tests.

Theloading was applied using pressure control. The LabVIEW prograsutilizedto
apply pressure control at a fixed linear raievo levels of pressure rate were appleg T@to
T@-¢ N iMQm8tp oOyd & andn T1@to 1-1 1R iMQM8t ¢ xOW & for 10 seconds and
the strain response was recorded.

A plot of pressure vs. raw strain signal and the corresponding hydrostatic stress vs.
volumetric stain is shown inFigure83 (a) and (b), respectivelyThe slope of the curves was
obtained using line fitting to determine the 1} 8 The results 0b 1} are shown irFigure84
(blue scatter plgt The'Y for each fit were greater than 0.99 indicating thatlthes arelinear
and there is minimal viscoelastic behavior causing nonlinearity.

It can be clearly seen that bulk moduinsreases withcure extents. Howevert is
significantly | ar g,avhich tslexpectedYas the mdiesial becoches Imors
incompressible’( © ). At the gelpoint, the bulk modulus will theoretically have an infinite

value as the EMC is in IlisiOgui d state and the
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Figure84 Measured values of equilibrium modul{a) O 1 (black scatter plot) andb)
0 N (blue scatter plot)

7.4.5.Evolution model calculation
Using the evolution equations for general viscoelastic funetionshown in Eq(96), an

equation for Youngo6és equilibrium modulus <can

0 © PN (99)

whereO i s the equilibrium YoungO6-surethD d lbB4bsMPayhen t
andO i s the Youngdés modulus at gel point. The
Youngos candbd redauvled &80 0 MHB.Q9was fitted to the You
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modulus data ifrigure84to determine the evolution componeit . A comparison of the model
fit to the experimental data is shownRigure85. The model fit seems to be agreeing well with
the data'Y = 0.994) indicating that the percolation model works well. The evolution component

was determined to be o8 T.w
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o
o

® Young's Modulus Data
Percolation model
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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o
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o
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Extent of Cure (p)

Figure85 Comparison oD 1 data with the percolation model fitting

Similar equations can be derived for bulk modulus evolution as shown below:

0 0 p N (100
U N Hb b N e A e e saar < A
,n— —0)T AACGAQITEIIAOA
O H
However, the equations break down near tedpoint as the material becomes
incompressible. Due to the incompressibility, the bulk modulus approaches infinityq Hb)

and thus the equation becomes an indeterminate form. To resolve this issue of singularity, the
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percolation model was instead fit to shear modulus. The shear equilibrium mo@lus was
calculated using the measdne 1 data and th® 1 determined using the modelLinear
elastic equations can be used for calculation@om) as there is no viscoelastic behavidrhe

equation for determinin@® 1 from0 1 andO 1) is shown below:

‘ o0 N0 N
— - S 101
N @ " o7 (101
The evolution equation for shear modwi® 1) is as follows:
oh 0 8o
on O n n
"0 O p N (102
oOn n n
O p N

where O is the equilibrium shear modulus when the polymer is fallied O  534.5 MPa)

and’O is the shear modulus at gel point. The EMC is effectively liquid at the gel point and the
shear modulusan be regarded &0 0 M P @02 wasHitted to theshearequilibrium modulus

data to determine the evolution component. A comparison of the model fit to the experimental
data is shown irigure86. The model fit seems to be agreeing well with the d#ta 0.996)
indicating that the percolation model works well. The evolution component was determined to be

€ o} @

152



N
o
o

777777777777777777777777777777777

® Shear Modulus Data
P Percolation model |} | !
150----emmg e e e e

100+

Shear Equilibrium Modulus (MPa)
a1
o

o

0.5 0.6 0.7 0.8 0.9 1.0
Extent of Cure (p)

o
~

Figure86 Comparison ofO 1] data with the percolation model fitting

Using the two evolution modetsO 1) and™O n , other viscoelastic functions can be
evaluated as a function of cure extent. The equilibrium viscoelastic functions as a function cure
extent are shown iRigure87. At the gel point 1 @ P, xhe material is practically liquid
and the Poissonds ratio is 0.5. This causes

theoretical asymptote.
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Figure87 Plot of evolution of viscoelastic functions with cure extent

7.5. Cure-dependentShift -factors M easurements

7.5.1.Measurement of diffusiorrcontrolled cure-kinetics

When a polymer undergoes vitrification during curing, the reaction transitions from
chemicalcontrolled mechanism to a diffusimontrolled mechanism. Vitrification is glass
formation due tdY of the polymer increasing from beldW (cure temperature) to aboVéas a
result ofthe curing reaction. In the glassy state, the rate of read®@afiQQ d will undergo a
significant decrease and falls below the cherricaitrolled reaction rate as the reaction becomes
dominated by the diffusion of the reactants through the medium.

A mathematical form for a general ctkimetics reactionl3Z can be expressed as:

Qn

- 7’ o n v\ o \ \ 1 10
,QOQYQYhY Yn p nn (103
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where'Qis the diffusionrfunction, whose value is generally dependent on both cure temperature
“Y andr). More specifically, the value of the functi®iQ depends on the difference between
“Yand“Y ) atany particular instant. The value'@f p when”Y|] “Y n and starts becoming
smaller in the neighborhood 6f 1 x Y. QR andd are the KSmodel constants measured for
the EMC in the chemicatontrol region. The values of these were determined in Chapter 3.
Several isothermal DSC tests were conducted at curing tempeidubbelow™Y of the
material. The results of cumulative heat released as a function of time are shegur@88.

The isothermal tests were conducted at 10°C intervals from 70°C to 120°C to understand the

diffusion-controlled behavior of the EMC at various temperatures.

/7 J/ R

® 70°C |
® 80°C
® 90°C (-

® 100°C
P > g 110°C|
‘ b 120°C

T T T T T T
0 1800 3600 5400 7200 9000 10800
time (s)

Figure88 Cumulative heat released as a function of time obtained from DSC experiment

Taking logarithm of equatio(l03), the diffusion function can be expressed as follows:

Sl . (o I

I TQ 'Eo IBWsllpn Gl n (104



The'Q ifQ dandr) obtained form the isothermal dataRigure 88 are substituted in Eq.
(104) to obtain the value of diffusion function at each curing temperat¥je A plot ofi TQ
vs.3Y N using the data is shown Kigure89 (a) for various cure temperaturé¥, The plot
clearly shows that when thi¥| “Y n , the value of T'Q is nearly zero indicating that the
reaction is under chemical control. However, as'¥hg gradually gets closer t&, the reaction
rate starts slowing down due to vitrification and the curing mechanism gradually shifts to
diffusion-control.

In general polymers, th& is defined as follow§137:

?’Q "YFI“]

Q 3’ Y 'rQ uY ’E‘Q v%‘_l

(109

whereQ “Yh) is the rate constant for diffusiaontrol andQ is the chemicatontrol reaction

constant determined previously. The rate const@nt”Yh) is expressed as folloW$32:

T~ e 0O @
Q'YW 0 A@b_—— ADD - (106)
Y'Y G QY "Ynq

whered is the rate coefficient) is activation energy for diffusion control, agttoandQare

material constant which can be determined experimentdllyis important to note that the

diffusion-function is very weak function of the curemperature “(Y) and does not show any

specific trendThe activation energy terniO is 0 and the equation can be simplified further.
Thus, for the analysis and data fittinQ, was assumed to be a function of ogly 1) .

By combining the data at all cure temperatures, a sifigle3’Y n} plot was made, and it is

shown inFigure 89 (b). The shape of the data follows a family of mathematical functions

represented using the following equation:
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v P
Q 3'Y
p A@DPO3Yn 6 (107

whered andd are material constants obtained from the experimental data.

Usinga nonlinear fitting program in MATLAB based on leasfjuares method (discussed
in Chapter 3 and 4), the datakigure 89 (b) was fitted to Eq(107) to determine the material
constant® andd. The values of the material constants were determineddo bag p &
and6 x& ¢ Ghespectively. The model prediction result (= 0.99) is also shown in (b)

indicating that the function represents the diffusion behavior accurately.

A cure extent data obtained from an isothermal DSC test at 90°C is compared with the

model prediction using both diffusion and chemical control modefsgare90. The prediction
using chemicatontrol model initially agrees well with the isothermal data. However, a¥'the
approachegYhthe prediction using chemicabntrol model deviates significantly. The diffusion

control model is able to predict the behavior as the reaction enters diftsitnol domain.

-In(f)
Diffusion Function (/)

AT, (°C) AT, (°O)
(a) (b)

Figure 89 Diffusion function {Q) for various cure temperaturé) obtained for the isothermal
datai (a) Plot of & €Q vs.3"Y 1 and (b) comparison data vs prediction of diffusion function

Q) vsa'Y n
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Figure90 Comparison of model prediction (diffusion and chemical control) with
isothermal DSQest dataat 90°C

7.5.2.Determination of cure-dependent shiftfactors (=|=__ using MFT sweeping

The timecure superposition (TCS) was originally proposed in R&f. It is a concept
similar to timetemperature superposition (TTS) but differs in the mechanism. The cause of TTS
is relative friction between the molecular chains. However, the cause for TCS is a result of change
in connectivity. The polymers neatritical gelstateare geometrically seimilar, a change in the
cure extent only results in change of the scale of cluster; i.e. the cluster becomes larger as curing
increase$71].

This change in scale can then be expressed as proportional scaling of relaxation time (larger
clusters relax more slowly) combine with larger equilibrium moduli due to increase in cluster size.
The theory of TCS has been developed for unfitteetmosetand soft thermoplastic polymers.
However, EMC is a filled thermoseind it is necessary to confirm the validity of thmigre

superposition and determine the corresponding-dependent shiftactors (0 1 ).
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To measure curdependent shiftactors for EMC, several partialbgured samples with
known extent of curer] Ttory T@owerefabricated andubjected to viscoelastic testing
using multifrequency temperature sweeping (MFT) tests on the DMA machimes necessary
to maintain a near isocure stateotmiainaccurate viscoelastic data for a giveire extent. Since,
the testing was mainly conducted below or ri&ar) of the partiallycured EMC, diffusion
controlled cure kinetics determined in the previous section could be used to predict evolution of
cureextent during the test.

A multi-frequency temperature sweep test was conducted #0A€C with 10°C/stepn
thefrequencyrangeof 0.1 to 25 Hz (3 points per decad#)took aboutl5 and 10 minutes to heat
and stabilize between each step below 30°C and above i@3jectively

and about 75 seconds to conduct frequency sweep between 0.1 to 23skig. the
temperature profile, the amount of curing was estimated for each cure extent fEsé&test
parameters range of test temperaturéy( ), glass transition temperaturey () ) and expected
amount of curing over the test duration is summarizéhbile6. It is worth noting that for
T, it was possible to exceéd ) of the material for testing. Although the reaction was under
chemical control, the reaction rate at 70°C is slow enough to be able to run the test under near
isocure state.

Table6 Summary table of test parameters for MFT sweeping test for paitiaigd EMC

specimens
Dtest Ty(p) Tiest Ap
0.6 62.8°C -40 -70°C 0.011
0.7 74.3°C -40-70°C 0.0092
0.8 89.8°C -40- 90°C 0.013
0.9 107.5°C -40 - 110°C 0.011
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Figure91 Raw storage modulus data of MFT sweeping tests conducted on pantisdty EMC
specimen from) T& tor] T
The results of MFT sweeping data are showhRigure91. The figures (a) to (d) represent
storage modulus data froin T tor] T®a Then storage modulus data was shifted to create
sections of master curve“at T 10J The section of master curves for partialyed EMC

are shown irFigure92
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Figure92 MFT resultsi master curves after shifting ‘at T T0J

Before determination of the cudependent shitactors, it was necessary to normalize the
master curves usin@ andO 1 for scaling the data between 0 andQ. 1} for various cure
extents was calculated using the evolution model in the previous section. The normalized master

curves for various cure extents are showRigure93.
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Figure93 Normalized master curves for partiatured EMC atY T T™J

The curedependent shiftactors { 14 1) ) were determined next by horizontally shifting
the partially cured master curves to overlap with thefallsed 1,  p master curve. The results
of TCS shifting are shown iRigure94. The overlapped master curves are shown in (a) and the
corresponding curdependent shift factors are shown in(fidue scatter plot) The master curves

show a good overlap with the fulured master curve indicating that TCS is working for the EMC

tested.
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Figure94 Results of TCS shifting (a) Master curve after overlap, and, (b) Gdependent shift
factors ( TaCn )
In TTS, itis common to use WLF equation for temperatlependent shiftactors { 1)
in the glass transition and rubbery region of a polymer. WLF equation works well in the region
where the relaxation rate at a given temperatiieig equal to or higher than the reference

temperature’ly ) i.e., the shifffactors are negative.
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In case of curelependent behavior, the reference degree of giiie fully-curedstate and
the partiallycured specimens relax faster than the fallyed polymer. A WLF type equation can
be used to fit to a function form for cudependent shitactors. Since, the WLF equation is
temperature based, a following modification is egd to the equations:

. & Y YR
e T (109

where”Y is the fully-cured glass transition temperatué,n is the glasdransition temperature
at a given cure extenfj(andd andd are materiabpecific constants’Y 1} has already been
determined previously in EO7).

The experimental data was fitted to Et08) to determine the constariis p&® 1 capd
0 p o T.UA comparison of the model with the experimental data is showigime 94 (b).

The 'Y of the fitting was 0.98 indicating that the fitting works well.

7.5.2.1.Discussion: Temperaturedependent shiftfactors (i T i) for partially -cured
specimen

It is worth investigating the temperateilependent shift factors (I ¢C) determined while
generating master curves of partiatiyred specimen shown Figure92. 1 1dCobtained from
TTS shifting is shown ifrigure 95.

It can be clearly observed that the temperatimeendent shiftactors are similar with
respect to reference temperature within experimental error bound, which indicates that-the shift
factors ( T "Y) does not have a strong cure dependency in the glassy region and the

neighborhood ofY region.
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Figure951 TdCcalculated while generating master curves for the pariaitgd specimens
tested

7.6.Implementation of Time-cure superposition (TCS) in a commercial FEM

program

Commercial finite element method (FEM) softwares like ANSYS have inbuilt modules to
run numerical models for LVE using timtemperature superposition (TTS). The constitutive
governing equations using hereditary integral remain the same fodepeadentviscoelastic
behavior. Thus, the inbuilt solvers can be readily used to be able to run models-tteprmdent
viscoelasticity. However, there are some differences between standard LVE adépmemdent
viscoelastic behavior which require some modifigns to be able to accurately include the effects
associated with curing.

Following are the effects which need to be included to be able to accurately run numerical
models for curalependent viscoelastic behavior:

1) Evolution of cureextent using cur&inetics function- | 0
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2) Evolution of equilibrium moduli as the EMC cure®©® 1 andbv n
3) Inclusion of shiftfactors associated with tireire superposition (TCS) 16C 1)

For this thesis, an FEM implementation scheme has been developed considering a constant
curing temperature’Y). A cure extentr{) i thermal analogy”¥ is employed to run numerical

models using curextent dependent viscoelasticity.

7.6.1.Cure extent @i Thermal (4]) analogy

At any given instant for a cure temperatui®) and cureextent ()), the total amount of
horizontal shifting ( T ¢ ) is determined by addition of twlactors- (1) the temperature
shift factor (log( ) associated with the difference between cure temperatifieapd the
reference temperaturéy( ) and, (2) the curdependent shift factocy ) associated with the cure
extent at the specific time:

1 16C 1 TdCY Y I Tagn (109

For a constant cure temperatuf®)( the terml T&C Y Y s fixed and the term
I T&C N changes as the curing occurs.

A field variable ) can be defined in the FEM program which will track the cure extent
over time. Alternately, an analogy can be made between thexignet (f and temperature’yf
to relate the curdependent shift factorsl (1 ¢) to the temperaturdependent shift factors
(1 Tag).

A pseudetemperature variabléY ) is defined to determine the skiéictor for a given
“Yandnd,

Y YO'Yn (110
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The reason for choosirity 1} as parameter ifiY is that”Y 1] is directly related to
the cureextent ()) through the DiBenedetto equation determined in(&d. Using the complete
cure kinetics function form Eq104) combined with théY ry hthe evolution of Y as a
function of time can be determined for a fiX&ths:

% o Y YRo (111

The curing reaction can be simulated as temperature change (thermal condition) in the commercial
FEM solver.

Since bothHY andl TdChave unique values for a given cure exteptdnd cure
temperaturef), an analogy can be established. A psededaperatureY ) based shift

factor table can be defined for a givgas:

=X

i Tégo nfl Taco Y R Tdg (112
7.6.1.1.Cure-dependent viscoelastic master curves; tmm and L 4

Unlike traditional LVE, in curedependent viscoelasticity, the equilibrium modu®d 1)
and0 1) evolve at each timstep as curing occurs. Thus, the mathematical functional forms
need to be included in the model. For current implementation, a tool calledpoialble was
utilized.

Master curves (Prony series) as a function of -extent were defined at various degrees
of cure 31 18t p beyond the geboint (} ) and input into the lockip tables for the model.
The solver would refer to the loalp tables for the appropriate master curve based on the value

of 'Y at a specific timestep in the run.
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Based on the above modifications, we can now run adependent viscoelastic model at

a given cure temperaturér]. In the next section, the modified FEM solver will be checked using

a virtual stress relaxation experiment.

7.6.2.Comparison of relaxation behavior at various cure extents with analytical solution

It is important to confirm that model gives accurate results for various cure exjgnts (
during the implementation of cure exten) ( Thermal (¥ analogy. A virtual stress relaxation
experiment is conducted to compare the results with the FEM output.

An instantaneous uniaxial and hydrostatic strgnt(‘t-) were used and the stress
relaxation behavior was calculated as a function of time. The results of the virtual experiment are
shown inFigure96 for two representative cuextenti (a) 1@ and (b)} T, respectively.

The results of analytical solution match well with the FEM results, which corroborates that the

cure ) 1 thermal (Y has been implemented properly.
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Figure 96 Comparison of stress relaxation results obtained from FEM vs. analytical sdlution
(@n T8 and (b)) T

7.6.3.Mold process simulation using a TFBGA package
A thin fine-pitch ball grid array (TFBGA) package was used to simulate mold process
conditions at 165°C. A schematic of the TFBGA package used in the model is sheigyaren

97. It consists of two stacked dies of Bfth thickness with a die attach film of 26n. The

substrate and EMC thicknesses are m®0and 4501, respectively.

EMC

Chip 50 pm

Chip 50 um
Substrate

Figure97 Schematic of a TFBGA package used in the FEM model

For the FEM model it was assumed that all materials except EMC have isotropic elastic
properties. The mechanical properties of the materials in the package are summaiabdel7in

Table7 Summary table for the material properties (other than EMC)

A schematic of a pressure profile applied is showRigure98. The mold pressure was
applied for 60 seconds (1 minute) and demolded. It was held under post mold conditions for 9
minutes to predict how the warpage vaitolve over time. A curing profile (beyond gel point)
was simulated at 165°C which is in the range of typical molding temperatures.
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